RRENT ISSUE 


Table of Contents 


nature 


ORGANIC 
GROWTH 


=e tole 


THIS WEEK 
Editorials 

World View 
Research Highlights 


Previous issue 


THIS WEEK 


EDITORIALS 


Top 


Half way there 


Seven Days 


NEWS IN FOCUS 
News 
Features 


COMMENT 
Comment 

Books and Arts 
Correspondence 
Obituary 


CAREERS 
Feature 
Q&A 


ee oe ie) 


Futures 


SPECIALS 
Technology Feature 


RESEARCH 

Brief Communications Arising 
News & Views 

Review 

Articles 

Letters 

Corrigendum 


About the cover 


Spain, Italy and Greece all have new governments and new research laws. Despite the pressures of economic austerity, investing in 


science now could bring disproportionate benefits. 


False economy 


The Danish government's plan to axe technology assessment is ill-conceived. 


A poor sequel 


Muted media response to the release of more climate e-mails shows science's strength. 


WORLD VIEW 


Top 


Psychology must learn a lesson from fraud case 


Sharing data could help to avert scandals like the Diederik Stapel revelations, and improve the quality of research, says Jelte M. 


Wicherts. 
RESEARCH HIGHLIGHTS 


Top 


Physics: Thunder but no lightning 

Medicine: Double radiation shield 

Evolution: Big bites help bats diversify 
Technology: Low-power magnetic switch 
Neuroscience: Sleep calms the emotions 
Palaeoanthropology: Diet sculpts human jaws 
Organic chemistry: Random mix reveals reaction 


Molecular Medicine: Liver disease target 


e Zoology: Spiders’ chemical deterrent 


e COMMUNITY CHOICE 


Materials science: Stretchy graphene transistors 


SEVEN DAYS 


Top 
e@ Seven days: 25 November—1 December 2011 
The week in science: anti-HIV gel fails Africa trial; funding crunch for Global Fund to Fight AIDS, Tuberculosis and Malaria; and 


NASA’s Curiosity rover bound for Mars. 


NEWS IN FOCUS 


e Embattled scientist in theft probe 

Sacked virologist faces lawsuit from Nevada institute. 

O Ewen Callaway 

oO 

e __ Australia’s marine plans questioned 

aay Ocean reserves offer inadequate protection, critics say. 

y O Daniel Cressey 

Oo 

e = Scientists, meet capitalists 

US agencies and scientific societies aim to create jobs by teaching researchers how to be entrepreneurs. 


O Eugenie Samuel Reich 


oO 


e Blockbuster drug bows out 

Pharmaceutical industry anxiously struggles to retool as Lipitor patent expires. 

O Heidi Ledford 

oO 

e Outcry over EU budget plan 

Costly Earth-monitoring and fusion-energy projects could be stripped from main budget. 


O Declan Butler 


ice QO Correction 


FEATURES 


e _ Fighting for the forest: The roadless warrior 


To save the Amazon, Bruce Babbitt wants to isolate islands of oil and gas production amid a sea of trees. 


O _ Jeff Tollefson 


e = Cell biology: The new cell anatomy 
A menagerie of intriguing cell structures, some long-neglected and others newly discovered, is keeping biologists 


glued to their microscopes. 


O Roberta Kwok 


e = Antarctica: Turning the world upside down 

Research, not pole-bagging, was the lasting achievement of Antarctic exploration 100 years ago, says Edward J. Larson. 

e Climate change: High risk of permafrost thaw 

Northern soils will release huge amounts of carbon in a warmer world, say Edward A. G. Schuur, Benjamin Abbott and the Permafrost 
Carbon Network. 

e = The new cell biology: Beyond HeLa cells 


To find out what distinguishes one cell type from another, cell biologists must renounce popular cell lines, argue Anthony H. Hyman 
and Kai Simons. 


BOOKS AND ARTS 


Top 


e Physics: Atomic secrets 

Mystery lingers round the sudden defection of cold-war physicist Bruno Pontecorvo, finds Sharon Weinberger. 
O Review of The Pontecorvo Affair: A Cold War Defection and Nuclear Physics 

Simone Turchetti 

e Museums: Stripped assets 

Paolo Mazzarello argues that the disposal of collections requires clear consultation with the public. 
e = Books in brief 

e Chemistry: An elemental heroine 

An opera on the astonishing life of Marie Curie enthralls Stefan Michalowski and Georgia Smith. 

O Review of Madame Curie 

Elzbieta Sikora & Agata Miklaszewska 


CORRESPONDENCE 

Top 

e Development models: Arab science to turn spring into summer 
OM. Dahmani Fathallah 

e Double truth: Climate results for public vetting 

O- _Mathis Hampel, Martin Mahony & Mike Hulme 

e Cloning technology: Control the bonanza for research eggs 
QO Marcy Darnovsky, Susan Berke Fogel & Judy Norsigian 

e Food security: A role for Europe 

oO Tim Benton, Tibor Hartel & Josef Settele 

e Food security: Close crop yield gap 

O Robert Finger 

OBITUARY 


Top 


e = John McCarthy (1927-2011) 
The scientist who set computers on the path to common sense. 
O Vladimir Lifschitz 


FEATURES 


Top 


e Single-cell analysis: Imaging is everything 
Advances in single-cell imaging bring opportunities for physicists, biologists and chemists alike. 
O Amy Maxmen 


Q&AS 


Top 


e = Turning point: Jonathan Cirtain 
Former athlete's move into solar physics and telescope design leads to award. 
O Virginia Gewin 


naturejobs job listings and advertising features 
FUTURES 


e = Gifts of the Magi 
A career underground. 
O Anatoly Belilovsky 


SPECIALS 
TECHNOLOGY FEATURE 


Top 


e Single-cell analysis: The deepest differences 
To understand biological heterogeneity, researchers are learning how to profile the molecular contents of individual cells. 
O Charlotte Schubert 


RESEARCH 


BRIEF COMMUNICATIONS ARISING 


e Fundamental limits of ‘ankylography’ due to dimensional deficiency 
O — Haiging Wei 

e  Non-uniqueness and instability of ‘ankylography’ 

O  GeWang, Hengyong Yu, Wenxiang Cong & Alexander Katsevich 


NEWS & VIEWS 


Top 


Forum Optics: Perfect lenses in focus 

O Tomas Tyc & Xiang Zhang 

e = Evolution: Big brains explained 

O _ Richard Potts 

See also 

O Letter by Navarrete et al. 

e Regenerative Medicine: Organ recital in a dish 
O Karine Rizzoti & Robin Lovell-Badge 

See also 

O Article by Suga et al. 

e Physiology: Immune cells fuel the fire 
O- Andrew J. Whittle & Antonio Vidal-Puig 

See also 

O Letter by Nguyen et al. 

e = Astrophysics: A puzzling y-ray burst 
O _— Enrico Costa 

See also 

O Letter by Campana et al. 

See also 

O Letter by Thone et al. 

e Earth science: Redox state of early magmas 
O Bruno Scaillet & Fabrice Gaillard 

See also 

O Letter by Trail et al. 


REVIEW 


Top 


e The case against climate regulation via oceanic phytoplankton sulphur emissions 
O_ P.K. Quinn & T. S. Bates 


ARTICLES 


Top 


e = Self-formation of functional adenohypophysis in three-dimensional culture 

O_ Hidetaka Suga, Taisuke Kadoshima, Maki Minaguchi, Masatoshi Ohgushi, Mika Soen+ et al 

See also 

O_ News & Views by Rizzoti & Lovell-Badge 

e Mutations causing syndromic autism define an axis of synaptic pathophysiology 
O Benjamin D. Auerbach, Emily K. Osterweil & Mark F. Bear 


LETTERS 


Top 

e The unusual gamma-ray burst GRB 101225A explained as a minor body falling onto a neutron star 
O  S.Campana, G.Lodato, P.D’Avanzo, N. Panagia, E. M. Rossi + et al 

See also 

O_ _News & Views by Costa 

e The unusual y-ray burst GRB 101225A from a helium star/neutron star merger at redshift 0.33 

O C.C.Théne, A. de Ugarte Postigo, C.L. Fryer, K.L.Page, J. Gorosabel + et al 

See also 

News & Views by Costa 

Observation of a pairing pseudogap in a two-dimensional Fermi gas 

Michael Feld, Bernd Frohlich, Enrico Vogt, Marco Koschorreck & Michael Kohl 

The oxidation state of Hadean magmas and implications for early Earth’s atmosphere 

Dustin Trail, . Bruce Watson & Nicholas D. Tailby 

See also 

O News & Views by Scaillet & Gaillard 

e Subduction dynamics and the origin of Andean orogeny and the Bolivian orocline 

O- F.A.Capitanio, C.Faccenna, S. Zlotnik& D.R.Stegman 
e 
O 


oeofo0 


Correlation between deep fluids, tremor and creep along the central San Andreas fault 
Michael Becken, Oliver Ritter, Paul A. Bedrosian & Ute Weckmann 


e Energetics and the evolution of human brain size 

O- Ana Navarrete, Carel P. van Schaik & Karin Isler 

See also 

News & Views by Potts 

A SUMOylation-defective MITF germline mutation predisposes to melanoma and renal carcinoma 
Corine Bertolotto, Fabienne Lesueur, Sandy Giuliano, Thomas Strub, Mahaut de Lichy 

t+etal 

A novel recurrent mutation in MITF predisposes to familial and sporadic melanoma 

Satoru Yokoyama, SusanL.Woods, Glen M. Boyle, Lauren G. Aoude, Stuart MacGregor 

t+etal 

Alternatively activated macrophages produce catecholamines to sustain adaptive thermogenesis 
Khoa D. Nguyen, Yifu Qiu, Xiaojin Cui, Y.P.Sharon Goh, Julia Mwangi + et al 

See also 


oefo00f 00 80 


O News & Views by Whittle & Vidal-Puig 

e _ Lyn is a redox sensor that mediates leukocyte wound attraction in vivo 

O  SaKanYoo, Taylor W. Starnes, Qing Deng & Anna Huttenlocher 

e Image-based genome-wide siRNA screen identifies selective autophagy factors 
O- Anthony Orvedahl, Rhea Sumpter Jr, Guanghua Xiao, Aylwin Ng, Zhongju Zou 

QO +etal 

e Nuclear PKM2 regulates B-catenin transactivation upon EGFR activation 

O  Weiwei Yang, Yan Xia, Haitao Ji, Yanhua Zheng, Ji Liang 

O- +etal 

e Control of Drosophila endocycles by E2F and CRL4°” 

O- Norman Zielke, Kerry J. Kim, Vuong Tran, Shusaku T. Shibutani, Maria-Jose Bravo 

QO +etal 

e Cascades of multisite phosphorylation control Sic1 destruction at the onset of S phase 
O- Mardo Kéivomagi, Ervin Valk, Rainis Venta, Anna lofik, Martin Lepiku 

QO +etal 

CORRIGENDUM 

Top 


e DNA demethylation for hormone-induced transcriptional derepression 
QO Mi-sun Kim, Takeshi Kondo, Ichiro Takada, Min-young Youn, Yoko Yamamoto + et al 


THIS WE 


CLIMATEGATE2 More leaked 
e-mails from East Anglia, 
much less interest p.6 


EDITORIALS 


WORLD VIEW Psychologists 
must learn to share 
their data p.7 


~ ENDOSYMBIOSIS Pioneer 
of cell biology Lynn 
Margulis dies p.11 


Half way there 


Spain, Italy and Greece all have new governments and new research laws. Despite the pressures of 
economic austerity, investing in science now could bring disproportionate benefits. 


— Spain, Italy and Greece — have little in common beyond a 
shared coastline and an inappropriately low level of investment 
in research and development. But in the past few years, all three have 
shown a desire to reform their sclerotic research systems. And in the 
past month, each has acquired, one way or another, a new government. 
The priority for these governments is to haul their countries back 
from the brink of disaster, and thereby help to prevent the collapse of 
the euro. Given the enormity and international significance of these 
endeavours, does it make any sense to lobby for science to be favoured, 
financially and politically, in the tough austerity packages the new 
governments will have to enact? 

It does, for two reasons. First, any developed country without a 
reasonable science base faces a bleak future — a familiar mantra, but 
true. Scientists in all three countries have for years seen little national 
money available for research projects, and almost no new academic 
recruitment. The best scientists have just about survived on inter- 
national grants, particularly from the European Commission. Greek 
and Spanish researchers have the most to complain about, as austerity 
measures have cut into their pay packets, along with those of other civil 
servants in their countries. It is not hard to imagine that further cuts 
could lead to a dangerous level of demoralization. 

Second, all three countries are now somewhere along the process of 
enacting or implementing new laws governing how research is organ- 
ized and evaluated, which will bring them into line with scientific 
norms elsewhere in Europe. There is every reason to devote political 
resources to ensuring that these reforms are carried through properly 
— and, given that it won't cost much, little reason not to. 

These Mediterranean countries have tended to be opaque in their 
science funding and academic recruitment, and so cronyism has often 
been able to rule over meritocracy. The new laws should help to fix 
this, primarily by introducing peer review and evaluation. In Spain and 
Greece, the new laws would also introduce for the first time much- 
needed independent national agencies for the competitively allocated 
funding of basic research, along the lines of the European Research 
Council or the US National Science Foundation. 

These laws have taken years of discussion — Greece's long-promised 
science law has not even been approved yet, although its university law 
was passed in August. In Italy, a law for research was approved at the 
end of 2009 and a law for universities one year later. Spain’s science 
law was approved in June. 

All these laws differ in scope and detail, and they are not perfect in 
every clause. In all three countries, for example, most academics will 
remain civil servants with jobs for life, disappointing those who had 
hoped that universities and publicly funded laboratories would gain 
more hiring flexibility. But whatever their shortcomings, if appropri- 
ately implemented, each of the laws will make science higher quality 
and better value for money. 


r | Mhree of the Mediterranean countries hit hardest by the debt crisis 


All this matters even more because a handful of internationally 
competitive institutes, along with smaller pockets of excellence, have 
sprung up in each of these three countries, despite a lack of politi- 
cal support. The leaders of these institutes have chosen to operate 
through meritocracy; imagine how much will be achieved when this 
approach becomes mandatory for the entire scientific enterprise in 

these countries. 


“Pockets of Improvements in science in southern 
excellence have Europe will not only benefit the individual 
sprung up in countries in which they occur, but will 
each country, make Europe as a whole more competitive. 
despite a lack Yet without new money, the legal frame- 


of support.” works may not be able to work the wonders 
expected of them. A new research funding 
agency wont be much help without a budget. 

Now is not the time to expect huge increases in science investment, 
but small increases could make a disproportionate difference. Half way 
to reform, science in Spain, Italy and Greece needs to be supported. 
Like fiscal reform, it promises a long-term pay-off for those countries, 
and for the continent. = 


False economy 


The Danish government’s plan to axe 
technology assessment is ill-conceived. 


twentieth century that the nations and societies in which they 

were strongest rose to economic and cultural dominance. Noth- 
ing suggests that the recipe might lose its appeal as the twenty-first 
century proceeds, with democracy and science gaining ground in parts 
of the Arab world and some developing countries. But advances in 
science also raise ethical and environmental concerns that need to 
be taken seriously. 

Denmark, a small but technologically advanced country that in 
January will take over the rotating presidency of the European Union, 
has pioneered the use of participatory methods to assess the risks and 
societal impact of new technologies. But plans to disband the Dan- 
ish Board of Technology (DBT), which has been a leader in studying 
public views and expectations of science and technology, suggest that 
Denmark's new government is not quite aware of the country’s for- 
midable tradition in democratizing science. If it proceeds with the 
plan — which, ironically, is intended to preserve funds for research 
— it risks destroying a critical piece of Europe's science-policy system. 


| iberal democracy and science combined so successfully in the 
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The DBT was set up in 1986 to advise the Folketinget, the Danish 
parliament, but its work is not confined to Denmark. In 2009, for 
example, it carried out the most extensive study to date of how com- 
munication affects global public attitudes towards climate change, 
covering 4,000 citizens in 38 countries. Unlike simple opinion polls, 
the World Wide Views on Global Warming project gave participants 
extensive information on the science and economics of climate change 
(see www.wwviews.org). As the meetings progressed, widespread 
scepticism and doubt gave way to a high degree of consensus that 
climate change is real and should be dealt with promptly. 

The DBT is currently assessing a range of other topics, including 
the sustainability of the Danish transport system, the risks related to 
synthetic biology, and the security of delivering government services 
using new information and communication technologies. On the 
international level, it is set to produce a policy report, World Wide 
Views on Biodiversity, for next year’s Rio+20 summit on biodiversity 
in India. 

That project and most ongoing assessments will perish if the 
board is dismantled. The governing coalition of three centre-left 
parties formed after the parliamentary elections in September intends 
to redirect the board’s annual funding of about 10 million kroner 
(US$1.8 million) to the 2012 research and education budget, which 
it is determined to spare from savage cuts. In times of financial crisis, 
such a stance deserves applause — but the impact on Danish society 
and government of the loss of competence in technology assessment 
and public engagement in science would far outweigh the benefits 


to students and researchers of the modest sum gleaned from closing 
the DBT. 

Many other countries take inspiration from Denmark on how to 
study and shape public attitudes towards the science that could help 
society address issues such as ageing, climate, energy and biodiver- 
sity. The DBT is leading a €5.4-million (US$7.2-million) European 

Union-funded project, called PACITA, to 


“The Danish expand technology assessment based on 
government public engagement (see www.pacitaproject. 
risks destroying eu). Denmark’s approach is also gaining a fol- 
acritical piece lowing in Asia, where demand for sustainable 
of the science- energy technology is growing rapidly. Policy- 


policy system.” makers in China and South Korea, for exam- 
ple, are increasingly open to the participatory 
methods for technology assessment pioneered by Denmark. 

Clearly, then, the DBT should be saved. A way forward might be for 
it to apply its analytical services more widely to international assess- 
ments, such as the biodiversity exercise it is currently engaged in. 
Domestically, it should serve all decision-makers, from municipal to 
national levels, rather than just parliament. Taking on more externally 
funded projects could help to compensate for unavoidable budget cuts. 

Meanwhile, scientists and science academies in Denmark and 
abroad should voice their support for a democratic institution that 
has served science better than its small size and modest title might 
lead one to believe. Danish MPs and the government's young science 
minister, Morten Ostergaard, should take note. m 


A poor sequel 


Muted media response to the release of more 
climate e-mails shows science’s strength. 


anniversary of the release of hacked e-mails in an incident now 

widely referred to as Climategate, climate scientist Phil Jones said 
he feared that the anonymous hackers were sitting on more material, 
and that they would release it. He also said, having been through the 
experience already, that if there were to be a repeat then he was confi- 
dent he would deal with it much better second time around. Last week 
he was proved correct, on both counts. 

In marked contrast to the original 2009 release, Jones and his 
employer, the University of East Anglia in Norwich, UK, this time 
responded rapidly and with a keen sense of what the media were going 
to be interested in. This was never a story about the integrity of climate 
science, but rather about the behaviour of those scientists whose e-mails 
painted an incomplete but troubling self-portrait. The absence of the 
chief protagonist last time around only fuelled the flames. 

Within 24 hours of the second batch of e-mails being handed to 
climate-sceptic websites, Jones was in central London answering ques- 
tions at a press conference. And the university made widely available 
its explanations of some of the excerpted messages doing the rounds 
on the blogosphere. The reasons for this change in approach range 
from the practical — the original Climategate broke on a Friday, 
whereas the sequel arrived on a Tuesday — to the personal — Jones 
was shaken badly in 2009 and in no state to face the press. There is also 
a generous dollop of hindsight. For almost two years, those involved 
have had to listen to criticism of how they handled Climategate and 
how they should have done it differently. Last week they were able to 
show that they have learned from their mistakes. 

Still, the swift response from Jones and his university cannot alone 
explain the relative indifference with which the new batch of e-mails 
— Climategate 2 — has been met by the wider world. 


lE an interview with Nature about 12 months ago, to mark the first 
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Much of the media frenzy over the e-mail release in 2009 was 
prompted by the high political profile of climate change at the time. 
Nations were preparing for the heavily hyped and ill-fated Copenhagen 
summit, and soon afterwards a blunder in an Intergovernmental Panel 
on Climate Change report about melting Himalayan glaciers added to 
the sense of climate science not being what it seemed. Climategate 2 
came just ahead of the latest round of United Nations climate talks in 
Durban, South Africa, but that meeting is lower profile. It is harder to 
draw attention when fewer eyes are on the subject. 

There is also the sense that many in the media felt cheated by the 
original Climategate. They were led by the nose, by those with a clear 
agenda, to a sizzling scandal that steadily defused as the true facts and 
context were made clear. Many will not make the same mistake — to 
write headlines first and ask questions later — again. Plus, it is hard for 
anyone except the most committed conspiracy theorist to see much of 
interest in the content of the released e-mails, even taken out of context. 

None of the independent investigations that followed the 2009 
release found any hints of scientific misconduct. Critics won't find 
any in the new batch either — the animated discussions that the high- 
lighted e-mails do include, not shy of strong personal opinions and the 
occasionally harsh judgement concerning the quality of this or that 
piece of work, never really stray from sound normal science. 

Climategate did no lasting damage to science. In fact, it can be argued 
that the incident fostered climatology and improved the way the field 
is perceived by the general public. The anonymous onslaught — illegal 
and grossly low, to be sure — has forced scientists to speak more openly 
about the gaps, difficulties and uncertainties that they are facing. Ona 
more general note, it served to remind scientists, and hopefully legiti- 
mate critics as well, that respect, honesty and politeness are essential 
qualities in any intellectual endeavour. 

If anything, Climategate 2 may damage the cause of the climate 
sceptics who eagerly promote it. Despite their obvious lack of anything 
approaching credible evidence, their hyperbole, accusations, claims 
and allegations remain the same. Beyond the 
echo chamber they inhabit, who is still listen- 
ing? You cannot, as Abraham Lincoln said, fool 
all of the people all of the time. And it is getting 
harder to fool them some of the time too. m 
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Tenerife. The highly regarded pilot of a KLM plane was under 

pressure to depart, and ignored several signs and warnings that 
a Pan Am jumbo had not yet cleared the runway. He took off in mist 
without proper clearance and 583 people were killed. The disaster 
happened because of a failure of the checks and balances put in place 
to deal with low visibility, arrogance, stress and the tendency to neglect 
conflicting information. These measures have since been improved, 
and commercial aviation is safer today not because it pointed the 
accusing finger at the erring pilot, but because it drew hard lessons. 

Psychology, my field of science, recently uncovered a disastrous 
case of prolonged misconduct by Diederik Stapel, a highly regarded 
scientist at Tilburg University in the Netherlands (see Nature 479, 15; 
2011). In response, we too must critically consider 
the circumstances under which the misconduct 
took place, with the aim of improving checks and 
balances to avoid a repeat. 

The committee that investigated Stapel’s 
misconduct has yet to identify the research 
papers tainted by his fraud, but it has already 
noted that the closed culture that characterizes 
much psychology research greatly aided Stapel’s 
deceptions. One may argue that his misconduct is 
exceptional, regardless of research culture. How- 
ever, the minor transgressions that all scientists 
are tempted to commit, as pointed out by Jennifer 
Crocker in a World View last month (see Nature 
479, 151; 2011), are more likely when there is 
less scrutiny. 

The interim report of the investigating commit- 
tee revealed that Stapel often refused to share his 
research data with colleagues, even co-authors on papers. To scientists 
in other fields, this may seem extraordinary; to psychologists it is 
sadly common practice. 

In a 2006 study published in American Psychologist, I helped to 
show that almost three-quarters of researchers who had published a 
paper in a high-impact psychology journal had not shared their data 
(J. M. Wicherts et al. Am. Psychol. 61, 726-728; 2006). Several data 
sets, authors said, had been misplaced, whereas others were kept secret 
because they were part of ongoing work, or because of ethical rules meant 
to protect participants’ privacy. Such confidentiality has long been the 
most common excuse that psychologists offer for not sharing data, but 
in practice, most simply fail to document their data in a way that allows 
others to quickly and easily check their work. It is not unusual for data 
that are shared to list variables only as VARO0001 


[: 1977, two jumbo jets collided at an airport on the island of 


through VAR00019, with no further explanation. NATURE.COM 
It is not just misconduct that flourishes in such _ Discuss this article 

secrecy. So too do the common and more insidi- _ onlineat: 

ous failings of error and bias in data analysis —for _go.nature.com/Sgejrg 
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IT IS SADLY 


COMMON PRACTICE. 


Psychology must learn a 
lesson from fraud case 


Sharing data could help to avert scandals like the Diederik Stapel revelations, 
and improve the quality of research, says Jelte M. Wicherts. 


example, the use of incorrect tests, reporting errors due to similarly 
named variables, favouring results that confirm a hypothesis and 
overly positive reporting of statistical outcomes. 

It is striking that psychology researchers go to great lengths to blind 
their data collection to possible confounding effects, including the 
expectations of participants, observers and experimenters, but seem 
oblivious to problems in the subsequent analysis and reporting. In avia- 
tion, a co-pilot checks the pilot’s every step, and actions are recorded in 
a ‘black box’ to reconstruct any errors. In psychology, co-authors rarely 
verify a study’s analysis, which is effectively conducted inside a box. 
Readers of published papers are shown dense summaries of results — 
without proper data archiving, they can only hope for the best. 

Psychology’s culture of secrecy produces substandard science. 
Reanalyses of statistics in published psychology 
papers show frequent errors, and the more reluc- 
tant authors are to share their data, the more 
likely it is that their papers will contain mistakes. 
Or to put it another way — the results that most 
need checking cannot be checked. 

How to lift the veil of secrecy? Obligatory 
archiving of raw data in online appendices to 
journal articles or in repositories should be a pre- 
condition for publication. This would not only 

elp to uncover misconduct — curious patterns 
in Stapel’s data led to his downfall — but would 
also help to prevent and later correct honest 
mistakes and unduly positive reporting. 

With online publishing, data can often be pub- 
lished alongside the researchers’ chosen statistical 
analyses and their summary of the results. As part 
of the growing concern over scientific openness, 
grant-giving organizations, academic publishers and professional 
organizations including the American Psychological Organization are 
already considering such options. Yes, there are practical problems, 
including the need to keep data or participants confidential, but these 
can be solved by embargoes on releasing data for longitudinal studies, 
guidelines for preprocessing raw data, proper anonymity and exemp- 
tions where necessary. 

As a first step towards this new way of publishing results, my close 
colleagues and I have implemented a ‘co-pilot’ model for our statisti- 
cal analyses, in which we share data between us for double-checking 
and preventing embarrassing errors. And perhaps the wider mood is 
changing. Last week, a colleague, who had previously been reluctant 
to share, sent me the data from his latest work without me asking. And 
the analyses proved excellent. m 


Jelte M. Wicherts is in the Department of Psychology, University of 
Amsterdam, Weesperplein 4, 1018 XA Amsterdam, the Netherlands. 
e-mail: J.M. Wicherts@uva.nl 
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ABSTRACT: With the emergence of human interface technol- 
ogy, the development of new applications based on stretchable 
electronics such as conformal biosensors and rollable displays are 
required. However, the difficulty in developing semiconducting 
materials with high stretchability required for such applications 
has restricted the range of applications of stretchable electronics. 
Here, we present stretchable, printable, and transparent transis- 
tors composed of monolithically patterned graphene films. This 
material offers excellent mechanical, electrical, and optical prop- 


erties, capable of use as semiconducting channels as well as the source/drain electrodes. Such monolithic graphene transistors show 
hole and electron mobilities of 1188 + 136 and 422 + 52 cm?/ (Vs), respectively, with stable operation at stretching up to 5% even after 


1000 or more cycles. 


KEYWORDS: Graphene transistor, stretchable devices, ion gel gate dielectric, printing process, low-voltage operation 


tretchable and transparent electronics can enable innova- 
ine classes of electronic applications for human interface 
technology.’ Such applications require electronic materials that 
can simultaneously exhibit excellent mechanical robustness, electro- 
nic functionality, and optical transmittance under a high strain.>* A 
variety of semiconductor materials have been explored for accom- 
plishing this goal, ranging from small molecules and polymers to 
inorganic materials with various structural forms such as wires, 
ribbons, and platelets.’ One of the most significant hurdles to 
achieving transparent and stretchable devices using conventional 
semiconducting materials arise from their intrinsic limitations 
like poor mechanical stretchability and optical properties. As an 
alternative, graphene offers outstanding electrical, mechanical, 
and optical properties, with quantitative characteristics that, in 
many cases, outperform those of other known semiconducting 
materials.*'? Many of these properties offer unique benefit in 
high-performance conformal, stretchable electronic devices.'*'* 

Although several recent studies report the fabrication of 
flexible field-effect transistors (FETs) on plastic substrate using 
graphene thin films,'” *" significant challenges remain in the 
fabrication of graphene field effect transistors (FETs) that meet 
mechanical specification demands for stretchable electronics. 


Ww ACS Publications © 2011 American Chemical Society 


The main difficulites are (i) to develop low temperature, printing 
processes for materials that form the channel region, gate 
insulator, and electrodes on soft substrates with high thermal 
expansion coefficients” and (ii) to overcome intrinsic limitations 
of mechanical properties associated with conventional materials 
and circuits through development of new materials or device 
architectures.” 

In this Letter, we present a promising route to the fabrication 
of an all-graphene-based FET array on a stretchable rubber 
substrate using a low-temperature printing process. First, all 
device components, including channel region and S/D electro- 
des, were transferred onto a substrate and then the gate insulator 
and gate electrode were printed in a manner that avoids the need 
for high-temperature processes. Second, all-graphene-based tran- 
sistors, the source(S)/drain(D) electrodes, and semiconducting 
channels of which were monolithically patterned from graphene 
film, were fabricated on rubber substrates without the use of 
traditional metal electrodes. The resulting monolithic devices display 
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Figure 1. Schematic diagram of the fabrication procedure for arrays of 
graphene FETs on a stretchable substrate. Monolithically patterned 
graphene including source/drain electrodes and semiconducting chan- 
nels were transferred on a rubber substrate with a supporting layer. After 
transfer, the supporting layer was removed with acetone. The ion gel 
gate dielectric and PEDOT:PSS gate electrodes were printed using 
commercial aerosol jet printing techniques. 


several advantages, such as good mechanical stretchability, optical 
transmittance, and simple device design, as well as improved 
contact at the channel-to-S/D interface. 

Figure 1 shows a schematic illustration of the steps involved in 
the fabrication of a graphene FET array on a rubber substrate. In 
the first step, high-quality monolayer graphene was synthesized 
on a large area Cu foil, as described previously’’ and then the re- 
sulting material was stacked in a layer by layer fashion using direct 
transfer techniques (Figure $1, Supporting Information).’* 
The graphene patterns, including S/D electrodes and a semi- 
conducting channel region, were defined by photolithography 
and oxygen plasma etching of graphene layers on Cu foil. The 
wide S/D region and the narrow long channel region were 
designed to optimize the effectiveness of the gate by adjusting its 
resistance. A photoresist (AZ 1512; commercial positive-type 
PR) supporting layer was spin-coated onto the graphene film on 
the Cu foil. The Cu metal catalyst was electrochemically etched 
using an aqueous 0.1 M ammonium persulfate solution. After 
etching, patterned graphene was transferred on rubber substrate 
as usual.’ For the low-temperature formation of the dielectric 
layer and gate electrode, a commercial aerosol jet printing 
technique was used (Figure $2, Supporting Information). The 
advantages of this jet printing method lie mainly in the high resolution 
(50 zm) and compatibility with various functional inks.*””* Ion gel 
ink consisting of poly(styrene—methyl methacrylate—styrene) (PS- 
PMMA-PS) triblock copolymer and 1-ethyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide ([EMIM][TFSI]) ionic liquid 
in ethyl acetate solvent (weight ratio of 0.1:0.9:9) was printed 
onto the patterned graphene. Upon solvent evaporation, PS- 
PMMA-PS triblock copolymer in the [EMIM][TFSI] ionic 
liquid formed a well-defined physical gel through noncovalent 
association of PS components that were insoluble in the ionic liquid. 
In the last step, a poly(3,4-ethylenedioxythiophene) oxidized with 
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Figure 2. Schematic illustration and electrical characteristics of high- 
performance, transparent, stretchable graphene FETs on a PDMS rubber 
substrate. (A) Schematic diagrams of mono-, bi-, and tri-layer graphene 
FETs. (B) Transfer characteristics of graphene FETs as a function of 
the number of graphene layers. (C) Hole and electron mobilities of graphene 
FETs as a function of the number of graphene layers. The inset shows the 
microscopy image of tri-layer graphene FETs on PDMS (scale bar, 300 um). 


poly(4-styrenesulfonate) (PEDOT:PSS) gate electrode was print- 
ed over the channel. The conductivity of the printed PEDOT:PSS 
was measured to be 100 S/cm. 

The outstanding mechanical properties of the graphene en- 
abled device fabrication on rubber substrates, in ways that are not 
possible with conventional inorganic semiconducting materials. 
As a demonstration (Figure 2A), we fabricated high-performance, 
stretchable, and printable graphene FETs with high optical 
transmittance on poly(dimethylsiloxane) (PDMS) rubber 
(Figure S3:left, Supporting Information). Figure 2B shows the 
drain current (Ip) as a function of gate voltage (Vg) of the 
different layered graphene FETs. All the devices operate within a 
low voltage region (+2 V) with a high on-current. The ultrahigh 
capacitance of the ion gel gate dielectric yielded this low-voltage, 
high-current operation. The specific capacitance of the ion gel 
was measured to be $.17 wF/cm? at 10 Hz, much larger than 
typical values for 300 nm thick SiO, dielectrics (10.8 nF/cm/). 
Clear ambipolar behavior was observed in the gate dependence 
of Ip, where a positive and negative Vc region represents electron 
and hole transport, respectively. The Dirac voltage which has the 
minimum conductance, for all the transfer curves was found to be 
at almost zero.”° 

Unlike conventional transistors, the operation of ion gel gated 
transistors is based on the formation of a high capacitance electric 
double layer (EDL), at both the ion gel/semiconductor and ion 
gel/gate electrode interfaces under an electric field. For example, 
upon application of a negative gate bias, negative surface charges 
on the gate electrode attract positive [EMIM] ions and form an 
electric double layer at the ion gel/gate interface. At the same 
time, negative [TFSI] ions segregate to the ion gel/graphene 
interface. The two EDL are formed at the gate/ion gel and the ion 
gel/graphene interfaces with charge—neutral diffuse layer in 
between. Since the capacitance of this diffuse layer is negligible, 
the interfacial capacitance of ion gel can be then modeled as a serial 
combination of an electric double layer capacitance (Cgp,,) and a 
quantum capacitance of the graphene ( cm As a consequence, 
the potential drop across the two capacitors is given by 
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Figure 3. (A) Microscope images of tri-layer graphene FETs under substrate stretching up to 5% along the longitudinal direction of the channel. 
(B) Typical transfer characteristics of strained graphene FETs on PDMS. The device showed stable operation for stretching up to 5%, due to the 
excellent stretchability of the graphene and ion gel. (C) Normalized hole/electron mobilities, current levels (maximum hole (red circle) /electron (blue 
triangle), and the minimum current at the Dirac voltage (black square) ) and Dirac voltage of graphene FETs as a function of the stretching level (left) 


and cycle during 3% device stretching and release (right). 


where h is the reduced Planck’s constant, Vp is Fermi velocity 
(1.1 x 10° m/s), e is the electron charge, and n is the charge 
density. On the basis of this equation, n was calculated by Vg, and 
the conductivity (0) was plotted as function of n as shown in the 
right of Figure S3. From the slope of linear regimes in the 0 vs n 
plot, the carrier mobility () was calculated using us = (do/dn)/e. 
A quick formation of these two electric double layers is possible 
regardless of the area of overlap between the gate electrode and 
the active channel because it relies on the direct motion of highly 
mobile ions.” As a consequence, unconventional device config- 
urations in which the gate electrode does not fully cover the 
entire area of the graphene channel is possible (Figure 1). 
First, monolayer graphene FETs were fabricated on PDMS 
substrate. The inset of Figure 2B shows the ambipolar transfer 
characteristics of the monolayer graphene FETs at Vp = —0.1 V. 
The average hole and electron mobilities were calculated as 26 
and 20 cm*/(V ss), respectively. The poor carrier mobilities of the 
graphene FETs on PDMS substrate can be attributed to the both 
scattering from molecular species, such as moisture or other 
chemicals contained in the porous network structure of the 
PDMS” and exposing the graphene devices to contaminating 
species that can significantly reduce the transport properties. 


To minimize the effects of PDMS-bound molecules, we fabricated 
bi- and tri-layer graphene-based FETs using multiple stacking 
method (Figure 2A). In these double- and tri-layer geometries, 
the bottom graphene layer provided sufficient screening of charged 
molecules on the substrates, acting as a barrier film; the top 
graphene layer was insensitive to the presence of moisture or 
other chemicals on the PDMS surface. In general, highly oriented 
multilayer graphene with an ABAB stacking sequence, as in 
graphite crystals, produces transistors with a lower on-current 
and on/off ratio due to interlayer coupling effects that become 
more prominent as the number of layers increases.” On the other 
hand, multilayer graphene films formed by transfer processes 
display weak interlayer coupling between layers due to the random 
orientations of the layer structures.'” As a result, device perfor- 
mance was dramatically improved compared with that achieved 
from monolayer graphene FETs (Figure 2B). Figure 2C shows 
hole and electron mobilities for different layered graphene FETs. 
The hole and electron mobilities increases with the number of 
graphene layers. The tri-layer graphene FETs yielded a hole 
mobility of 1131 + 96 cm*/(V s) and an electron mobility of 
362 + 45 cm*/(V s), an order of magnitude greater than the 
corresponding values of the monolayer graphene FET. 
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Figure 4. (A—C) Various images of the ion gel-gated graphene FETs 
on different substrate (polyethylene terephthalate (PET), PDMS and 
balloon). The inset shows the microscopy image of monolayer graphene 
FETs on PET (scale bar, 300 um). (D) The transfer characteristics at 
three different Vp(—0.1 V (black), —0.2 V (red), —0.3 V (blue)) of 
monolayer graphene FETs fabricated on PET (channel widths of 20 um 
and lengths of 500 wm). The hole and electron mobilities were 958 + 
237 and 512 + 165 cm*/(V s), respectively. Insert shows output 
characteristics of graphene FETs. In output curve, the gate voltage 
was varied between +2 V and —2 V in steps of —1 V. (E) Transfer 
characteristics of the tri-layer graphene FETs fabricated on a rubber 
balloon subjected to at most 5% strain (Vp = —0.1 V). The hole and 
electron mobilities were 435 + 67 and 211 + 38 cm’/(Vs), respectively, 
at 0% strain. 


Uniaxial tunable tensile strain was applied to tri-layer graphene 
FETs with ion gel gate dielectrics by stretching the PDMS along the 
longitudinal direction of the channel. The device array was placed in a 
home-built uniaxial stretcher, with one side of the substrate fixed and 
the other side pulled to stretch the device (Figure $4, Supporting 
Information). 

Figure 3A shows optical microscopy images of a graphene FETs at 
a device substrate stretching of 5%. FET performance was measured 
under 0—7% strain (Figure 3B and Figure SS, Supporting In- 
formation). The device exhibited stable operation at a strain of up 
to 5% due to the excellent stretchability of the graphene and ion gel. 
The hole and electron mobilities were calculated as 1188 + 136 and 
422 + 52 cm’/(Vs), respectively, at 0% strain. The extensions of less 
than 5% yielded hole and electron mobility changes of at most 15%. 
Fatigue tests were performed on the graphene transistors. The 
electrical properties were invariant even after 1000 cycles of 3% 
stretching along the longitudinal direction (right frame of Figure 3C). 
The maximum hole and electron currents and the minimum current 
at the Dirac voltage were independent of stretching and fatigue 
(Figure 3C). The Dirac voltage did not shift significantly as shown in 
the inset of Figure 3C. However, degradation of device characteristics 
and broadening of the normalized mobility distribution were ob- 
served at large applied strains (above 5%), due at least partly to 
microcracks initiated by grain boundaries and/or by other defects in 
the graphene films (Figures $5 and S6, Supporting Information).”° 

The good mechanical characteristics of graphene films enable 
integration onto highly compliant substrates, such as an ultrathin 


plastic and a rubber material that are incompatible with conven- 
tional inorganic material-based electronics. As demonstrations, 
we fabricated graphene FETs on foldable plastic foil (Figure 4A, 
D), and freely deformable substrates such as rubber sheets and 
balloons (Figure 4B,C). Figure 4E shows the change in electrical 
properties of the graphene FETs during uniaxial stretching during 
inflation of the balloon. Graphene FETs on the balloon display 
excellent electrical properties without significant change during 
stretching. These results suggest that the graphene-based FETs 
can provide stable and robust operation during large-scale 
uniaxial and biaxial strain without any including special device 
designs, such as wavy or buckled configurations. 

In summary, stretchable, transparent, monolithic graphene- 
based devices were realized by utilizing chemical vapor deposi- 
tion grown graphene for both the semiconducting channel and 
the source/drain electrodes via low temperature printing proce- 
dures. This type of fabrication, without high temperature and 
vacuum processes, combined with intrinsically stretchable graphene 
films provides a promising route to creating electrical, optical, and 
mechanical performance for future stretchable electronic applica- 
tions which would be difficult to achieve using conventional 
electronic materials. Although the strechability in the reported 
designs are moderate, it might be possible to expand the range 
through optimized device structures. 
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Embattled scientist 
in theft probe 


Sacked virologist faces lawsuit from Nevada institute. 


BY EWEN CALLAWAY 


ontroversy has dogged Judy Mikovits 
( ever since she and her colleagues pub- 

lished evidence in Science’ in 2009 sug- 
gesting that the retrovirus XMRV was linked to 
chronic fatigue syndrome (CFS). Yet as others 
dismantled the paper’s claims, Mikovits has 
refused to recant her hypothesis, even after 
the paper was partially retracted’. 

Now the saga has taken a bizarre and shock- 
ing turn. On 22 November, Mikovits posted 
$100,000 bail after spending four nights in jail 
in Ventura, California, as a “fugitive”, accord- 
ing to a county-court docket. She is accused 


of possessing stolen lab notebooks, a computer 
and other material belonging to the Whitte- 
more Peterson Institute for Neuro-Immune 
Disease (WPI), a private research centre 
in Reno, Nevada, where she was research 
director. Mikovits faces extradition to Nevada, 
while the WPI is seeking the materials’ return 
in a separate civil suit. 

But ina letter to WPI lawyers dated 4 Novem- 
ber, Lois Hart, a legal consultant to Mikovits, 
said that Mikovits did not 
have the notebooks, com- 
puter or any WPI intel- 
lectual property. Hart 
says the letter was posted 


Fora longer profile of 
Judy Mikovits see: 


to the Internet without her permission, and has 
declined to comment on any other aspect of 
the affair. Mikovits did not respond to Nature’s 
questions. Her lawyer in the civil suit, Dennis 
Neil Jones, declined to comment or release any 
information telling Mikovits’s side of the story, 
which has not yet been considered in court. 

Tensions between Mikovits and the WPI 
reached breaking point two months ago, 
when the institute's president and chief execu- 
tive, Annette Whittemore, fired Mikovits for 
refusing to share cell samples with a colleague. 

Their relationship could not have been 
more different when Nature visited the WPI in 
January, to report on Mikovits’s defence of her 
XMRV claims’. In interviews with Mikovits 
and Whittemore, there was no indication that 
their close friendship would soon implode. 
The two women ate breakfast together most 
mornings, and were optimistic about their 
research programme into the origins of CES, a 
collection of symptoms including exhaustion 
and muscle pain that has no known cause. 

But no published study to date has been able 
to reliably find XMRV in either CFS patients or 
healthy people. Some scientists believe that the 
original results are due to contamination, anda 
Science paper published in May* suggests that 
XMRV emerged as a laboratory contaminant 
in the 1990s. One of Mikovits’s former collabo- 
rators retracted his contribution to the 2009 
Science paper on 22 September over concerns 
of contamination, although Mikovits declined 
to retract the whole paper. The journal is now 
investigating indications that data in the paper 
were misrepresented. 

On 29 September, Whittemore dismissed 
Mikovits for refusing to share cell samples 
with Vincent Lombardi, another once-close 
colleague. That day, an incensed Mikovits told 
Max Pfost, a scientist in her lab who detected the 
first traces of XMRV in CFS patients, that “she 
had had enough of WPI’ and that “WPI would 
go down’, according to a 16 November affidavit 
signed by Pfost and filed by the WPI's lawyers 
to a court in Washoe County, Nevada. Mikovits 
rented a car that evening and drove to southern 
California, where she and her husband have a 
home, the affidavit says. Whittemore and Lom- 
bardi both declined to comment on the case. 

Shortly after her dismissal, Mikovits told 
Nature that she planned to continue her 
research at another institution, supported by 
a grant of roughly $1.5 million from the US 
National Institute of Allergy and Infectious 
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> Diseases (NIAID) that she won while at 
the WPI. But such ROI grants are awarded to 
institutions, not individuals: when a princi- 
pal investigator (PI) leaves, the institution is 
allowed to choose whether to keep the grant 
and name a new PI, or transfer the grant to 
the original holder’s new institution. Both 
actions require approval from the funding 
agency. The NIAID would not comment on 
the grant, which runs to August 2014. 

Pfost has declined to answer Nature’s 
questions, but according to his affidavit 
Mikovits gave him the keys to her office 
at a bar on the evening of 29 September 
and instructed him to retrieve laboratory 
notebooks and biological samples. Early 
the next morning, Pfost took 12-20 note- 
books from a locked desk in Mikovits’s 
office. The WPI noticed the notebooks 
were missing on 30 September, according 
to a representative for the institute. Claim- 
ing they were the property of the insti- 
tute, it reported them missing to campus 
police. It was 17 October before Mikovits 
picked up the notebooks from Pfost, before 
returning to California. 

Another worker in Mikovits’s lab told 
lawyers in a signed affidavit on 21 Novem- 
ber that after being fired, Mikovits asked 
her to ship cell lines and blood samples 
from the laboratory to Frank Ruscetti, a col- 
laborator and former mentor to Mikovits at 
the US National Cancer Institute in Fred- 
erick, Maryland. She did not send the sam- 
ples. Pfost, too, refused a request to send 
additional lab items to Ruscetti. Ruscetti 
has declined to comment, and there is no 
indication that he was aware of these events. 

In a civil suit filed on 4 November, the 
WPI is seeking return of the notebooks, 
as well as a computer and flash drives that 
Mikovits used to store lab data and patient 
records. The institute obtained a restraining 
order preventing Mikovits from destroying, 
altering or disseminating any of the infor- 
mation contained in the materials. Miko- 
vits is due back in court in California on 
19 December to face potential extradition 
to Nevada, where she could face charges 
that she possessed stolen property. Accord- 
ing to a WPI spokesperson, some of the 
missing materials have now been recovered. 

Patients with CFS, also known as myalgic 
encephalomyelitis (ME), feel “very let down 
and very confused’, says physician Charles 
Shepherd, medical adviser to the ME Asso- 
ciation, based in Gawcott, UK. 

“T think those people who believe in 
XMRYV are going to continue to believe,’ he 
adds. “But I think it's going to be very diffi- 
cult for Mikovits to continue this research.” m 


1. Lombardi, V. C. et al. Science 326, 585-589 
(2009). 

2. Silverman, R. H. et al. Science 334, 176 (2011). 

3. Callaway, E. Nature 471, 282-285 (2011). 

4. Paprotka, T. et al. Science 333, 97-101 (2011). 
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Species such as the chambered nautilus would benefit from restrictions on activities in the Coral Sea. 


Australia’s marine 
plans questioned 


Ocean reserves offer inadequate protection, critics say. 


BY DANIEL CRESSEY 


ome to pristine reefs, rare sharks and 
H« numbers of exotic fish, the Coral 
Sea is a unique haven of biodiversity 
off the northeastern coast of Australia. If a 
proposal by the Australian government goes 
ahead, the region will also become the world’s 
largest marine protected area, with restrictions 
or bans on fishing, mining and aquaculture. 
The Coral Sea reserve would cover almost 
990,000 square kilometres and stretch as far 
as 1,100 kilometres from the coast (see map). 
Unveiled by environment minister Tony 
Burke on 25 November, the proposal would 
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be the last piece in a jigsaw of proposed marine 
reserves that stretch around Australia’s coast. 

But the scheme is attracting criticism from 
scientists and conservation groups, who argue 
that the government hasn't gone far enough in 
protecting the Coral Sea, or in other marine 
reserves in the coastal network. 

Hugh Possingham, director of the Australian 
Research Council (ARC) Centre of Excellence 
for Environmental Decisions at the University 
of Queensland, points out that little more than 
half (507,000 km?) of the Coral Sea reserve is 
proposed as a ‘no take’ area, in which all fishing 
would be banned. The world’s largest existing 
marine reserve, established last year by the 
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British government around the Chagos Islands 
in the Indian Ocean, spans 544,000 km? and 
is a no-take zone throughout. An alliance of 
campaigning conservation groups, including 
the WWE and the Pew Environment Group, 
argues that more of the Coral Sea should 
receive this level of protection. 

“IT would like to have seen more protection 
for coral reefs,’ says Terry Hughes, director of 
the ARC Centre of Excellence for Coral Reef 
Studies at James Cook University in Towns- 
ville, Queensland. “More than 20 of them 
would be outside the no-take area and vulner- 
able to catch-and-release fishing”. 

As Nature went to press, the Australian 
government had not responded to specific criti- 
cisms of the plan. But Robin Beaman, a marine 
geologist at James Cook University, says that 
the reserve does “broadly protect the range of 
habitats” in the sea. Beamanis research helped to 
inform the government's proposal. “I can vouch 
for the huge effort that government agencies 
and other organizations have put into trying to 
understanding the ecological values of this vast 
area,’ he says. 

Reserves proposed earlier this year for 
Australia’s southwestern and northwestern 
coastal regions have also been criticized for 
failing to give habitats adequate protection. In 
August, 173 marine scientists signed an open 
letter to the government saying they were 
“greatly concerned” that the proposals for the 
southwestern region had not been based on the 
“core science principles” of reserves — the pro- 
tected regions were not, for instance, represent- 
ative of all the habitats in the region, they said. 

Critics say that the southwestern reserve 
offers the greatest protection to the offshore 
areas where commercial opportunities are 
fewest and where there is little threat to the 
environment, a contention also levelled at the 
Coral Sea plan. 

Public consultation on the proposal will 
conclude in February. = 


PROTECTING THE CORAL SEA 


The Australian government proposes banning 
fishing across roughly half of the Coral Sea reserve. 
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cientists, meet 
capitalists 


US agencies and scientific societies aim to create jobs by 
teaching researchers how to be entrepreneurs. 


BY EUGENIE SAMUEL REICH 


Kandlikar has given before. At a meeting 

on 14 December, the mechanical engi- 
neer, who works at the Rochester Institute 
of Technology in New York state, will speak 
to venture capitalists at Stanford University 
in California about a technology to cool 
and extend the life of light-emitting diodes. 
He’s not raising money, but — along with 
20 other researchers — he'll be playing the 


I: will be a presentation unlike any Satish 


role of entrepreneur in front of a roomful of 


instructors from the business world. 

The moment is also a first for the Inno- 
vation Corps (I-Corps), launched in July by 
the US National Science Foundation (NSF). 
The programme has given Kandlikar and 
20 other principal investigators US$50,000 
each to develop a business plan centred on 
their NSF-funded research. At the Stanford 
meeting, grant recipients will seek feedback 
on their ideas. Turning research into prod- 
ucts is not a task his team has much experi- 
ence with, says Kandlikar: “As researchers, we 
have no idea how to commercialize a prod- 
uct. The programme is the driving force.” 

US science agencies have long encouraged 
their grantees to build bridges with indus- 
try. Through the Small Business Innovation 
Research programme, founded in 1982, the 
NSE, the US Department of Energy and other 
agencies allocate 2.5% of their grant money 
each year to business ventures. Many US 
universities also help faculty members to 
patent and commercialize their research. 

Now, with unemployment high and cuts 
to federal budgets looming, science agencies 
want to cast themselves as part of the eco- 
nomic solution, rather than expensive add- 
ons. Across government, agencies are finding 
ways to link their activities to job creation. 
The NSF's move to encourage academics 
to reinvent themselves as entrepreneurs, 
and perhaps found firms, takes the drive to 
commercialize to a new level. The I-Corps is 
already gearing up to 
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The approach is  |-Corpssee: 
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that US research jobs in chemistry are in 
decline, the American Chemical Society 
(ACS), based in Washington DC, has begun 
an entrepreneurship training programme, 
with a first round of applications due on 
15 January. The idea is to try to get chemists 
to create their own opportunities. 

“When my students say ‘I want to get 
out and do something to help the world; I 
say basically you have to start your own 
company now,’ says George Whitesides, a 
prominent Harvard University chemist who 
chaired a recent ACS panel to study innova- 
tion, chemistry and jobs. Whitesides was 
speaking on 2 November at a meeting of the 
President's Council of Advisors on Science 
and Technology in Washington DC. 

But many academics are reluctant to take 
a chance with a start-up, says Henry Sauer- 
mann, an economist at the Georgia Institute 
of Technology in Atlanta who has studied sci- 
entists’ career choices. “Their main concern 
is lack of job security and stability, he says. 

Sociologist Waverly Ding at the University 
of Maryland, College Park, who has studied 
academic entrepreneurship, adds that pro- 
grammes such as the I-Corps may work well 
for established investigators. But younger sci- 
entists have a harder time raising capital, and 
taking time away from research is less likely 
to benefit them, she says. 

Sauermann believes that entrepreneur- 
ship programmes should focus on educating 
academics about what such choices involve. 
Errol Arkilic, one of three NSF programme 
officers organizing the I-Corps, says this is 
the intention. That’s why the venture capital- 
ists on hand to assess business plans at the 
Stanford meeting later this month will be act- 
ing as instructors, not as potential investors. 

“The programme was established to help 
researchers understand the commercial 
viability of their research,’ not to help them 
found companies and create jobs, says Arkilic 
— although he adds that the NSF would not 
be unhappy to see that as an outcome. 

Kandlikar wants his work to yield eco- 
nomic benefits, but the effort is already 
taking its toll, with his group spending about 
100 hours a week on its business plan. Like 
science, the market demands devotion. = 
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PEERING OVER THE PATENT CLIFF 


Lipitor and other drugs with patents expiring between 2010 and 2013 generated more than US$100 billion in sales in 2009 alone. 
Prospects are dim for offsetting this revenue with that from new drug discoveries in the near term. 


THE BIGGEST LOSERS 


The top ten drug manufacturers facing leaner times thanks to patents 


expiring in 2010-13. 
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DRUG DISCOVERY 


Lipitor alone earned 
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Blockbuster drug bows out 


Pharmaceutical industry anxiously struggles to retool as Lipitor patent expires. 


BY HEIDI LEDFORD 


ith sales of more than $100 billion 
since it was introduced in 1997, 
the cholesterol-lowering drug 


Lipitor (atorvastatin) is an unparalleled 
pharmaceutical superstar. But as its patent 
expires on 30 November and its first generic 
competitor takes the stage, Lipitor is also a 
painful reminder of the challenge that such 
‘patent cliffs’ pose for the big drug companies, 
including Lipitor’s developer Pfizer, based in 
New York. 

“The industry is truly in crisis mode,’ says 
Ken Kaitin, director of the Tufts Center for 


2 


the Study of Drug Development in Boston, 
Massachusetts. “Companies realize they have 
to change.” 

Including Lipitor, patent expiries in 2010-13 
will jeopardize revenues amounting to more 
than US$95 billion for ten of the largest drug 
companies (see ‘Peering over the patent cliff’). 
But the real problem is much deeper, says Peter 
Tollman, managing director of the Boston 
Consulting Group. “The patent cliffs wouldn't 
be such a big issue if research and development 
productivity hadn't collapsed” 

A decade ago, investors began to realize 
that the pharmaceutical industry, which once 
rewarded them with double-digit growth rates, 
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faced a perilous future. Someone buying $100 
worth of Pfizer stock in 1986 would have seen 
it grow in value to $168 by 1999. But by the end 
of 2010, that investment would have shrunk to 
$20. Research and development (R&D) budg- 
ets soared, but the rate at which new drugs 
were approved did not. Frederick Frank, vice- 
chairman of the Peter J. Solomon Company, 
an investment bank based in New York, has 
estimated that to sustain a 10% annual growth 
in sales, Pfizer would have to introduce a mini- 
mum of 11 new products, each earning about 
$750 million, each year. 

Investors recognized that the industry would 
not be able to sustain that kind of growth. 


FROM THE BLOG 


Scientists 
make 
theoretical 
‘perfect’ 
foam a reality 
go.nature. 
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The drug industry has more than doubled its investment in research and development since 1997, but 


the number of new products winning approval has failed to keep pace. 
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THE NEXT BLOCKBUSTER? 
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Blockbuster drugs typically emerge from therapeutic classes, such as cancer drugs, in which demand is high in 
wealthy countries (shown by 2010 revenue). Breakthroughs in classes with relatively few treatment options, 
such as for Alzheimer’s disease, could produce a new generation of mega-drug. 
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By 2000, pharmaceutical pipelines were filled 
with ‘me too’ drugs that offered low risk and 
a quick route to approval, but only marginal 
improvement over drugs already available. 
As regulatory standards rose and key markets 
became crowded with competitors, many of 
them cheap generics, the industry began to 
suffer from what some have called ‘better than 
The Beatles’ syndrome. “Imagine if you weren't 
allowed to publish music unless you were bet- 
ter than The Beatles,” says Tollman. “And The 
Beatles were being given out for free while you 
had to sell yours at full price” 

So shareholders walked away. “Investors 
looked at the industry and said, youre not 
doing anything innovative,” says Kaitin. “At 
the end of the day, the odds of actually getting 
a product to market were getting worse, and 
investors started dropping out.” 

To cope with the worsening situation, drug 
companies have slashed R&D costs (see Nature 
470, 154; 2011) and forged outside collabora- 
tions with other firms and with academia 
(see Nature 474, 433-434; 2011). Pfizer aims 
to trim its R&D budget by up to $3 billion 
between 2010 and 2012, and the Michigan site 
that developed Lipitor was shuttered in 2007. 
Some drug companies, such as London-based 
GlaxoSmithKline, have boasted a renewed 
emphasis on risk-taking and innovation, to get 
away from the ‘me too’ era. Whether this strat- 
egy will pay off remains to be seen — it takes 
upwards of a decade to develop a new drug. 

Kaitin notes that Eli Lilly, a relatively small 
company based in Indianapolis, Indiana, is 
taking the second-largest hit from patent 


expiries in 2010-13. Not surprisingly, Lilly has 
dramatically revamped its R&D programme, 
forging new relationships with academia and 
contract-research organizations. 

Could another round of mass-market 
blockbusters reverse the trend? Unlikely, say 
industry watchers. Companies are increas- 
ingly moving towards niche drugs based on 
personalized medicine, says Kaitin — although 
there are exceptions. Swiss drug-maker Roche, 
based in Basel, is developing a cholesterol drug 
called dalcetripib that has a different target 
from Lipitor, and which analysts predict could 

bring in $10 billion 


“The patent per year, notes Toll- 
cliffs wouldn't man. Companies are 
be such abig still highly focused 
issueifresearch on diabetes drugs 
and development with potentially large 
productivity markets, and if an 
hadn’t effective treatment is 
collapsed.” developed for Alzhei- 


mer’s disease, “that’s 
going to do unbelievably well’, he adds. 

Even so, Kaitin cautions that new blockbust- 
ers are likely to be short lived. Lipitor owed its 
success in part to working better than other 
drugs, with few side effects, in a class where 
demand for effective therapies is high. Now, 
many companies are flocking to the same 
drug targets, which means that the first of a 
kind to be approved wont enjoy a monopoly 
for as long as older drugs did. “We won't see 
drugs with the longevity of Lipitor,” Kaitin says. 
“We'll see drugs that sporadically reach very 
high levels of revenue, and then come down.” = 
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Europe’s Earth-monitoring programme GMES is scheduled to begin launching a fleet of satellites in 2013, but its funding future is now uncertain. 


Outcry over EU budget plan 


Costly Earth-monitoring and fusion-energy projects could be stripped from main budget. 


BY DECLAN BUTLER 


s Europe's financial crisis deepens, a 
Aw is also brewing over proposals 

that would change how two giant 
science and technology projects are funded. 

Both ITER — the international effort to 
build a fusion-energy test reactor — and an 
ambitious Earth-observation project called 
the Global Monitoring for Environment and 
Security (GMES) programme are too costly to 
remain under the general budget of the Euro- 
pean Union (EU), according to proposals from 
the European Commission. The solution, 
it says, is to corral funding for both projects 
separately from the next general budget, which 
will span 2014-20. 

The commission suggests that the pro- 
jects — along with future large-scale science 
programmes — be supported through new 
intergovernmental organizations. EU mem- 
ber states would fund these bodies, perhaps 
along with an additional, capped contribution 
from the EU budget. This arrangement would 
reduce the main EU budget’s exposure to the 
large cost overruns that are common in big sci- 
ence projects, the commission argues. 

The plan has already sparked vigorous 


opposition from several member states and 
from scientists. On 10 November, ministers 
from eight member states, including Germany, 
France and Italy, wrote to Maire Geoghegan- 
Quinn, the EU research commissioner, as well 
as the industry and budget commissioners, 
warning that the proposal “would only lead to 
the weakening of these two projects both in 
terms of funding and governance”. The pro- 
posal is likely to go through tortured negotia- 
tions between the commission, the Council of 
Ministers and the European Parliament right 
up until the 2014 budget settlement. 

ITER is undoubtedly the highest-profile 
example of the strain that enormous pro- 
jects can put on the EU budget. Crisis talks 
are scheduled for 1 December in Brussels to 
find a way to make up a €1.2-billion (US$1.6- 
billion) hole in funding for ITER’s construc- 
tion. Ifa solution is not found in the coming 
weeks, work at the ITER site in Cadarache, 
France, could face major delays. 

In 2006, ITER was pro- 


D> NATURE.COM jected to cost €5 billion, 
For news of the but that sum has now 
Horizon 2020 grown to €15 billion, 
budget proposalsee: forcing the European 
go.nature.com/Guegfo Commission into a series 


of financial contortions to make up repeated 
shortfalls. To insulate the rest of the EU budget 
from ITER’s bloat, the commission is propos- 
ing that for 2014-20, Europe’s anticipated 
€2.7-billion spending on ITER should be chan- 
nelled through a separate fund. 

The commission also wants to make a simi- 
lar arrangement for GMES, which is expected 
to cost €5.8 billion over the same period. The 
programme, led by the EU with the European 
Space Agency (ESA) as a major partner, aims 
to launch a fleet of five families of ‘Sentinel’ 
satellites. Drawing on data from other exist- 
ing or planned satellites and ground sensors, 
GMES would generate continuous, cross- 
calibrated, long-term data sets on the state 
of the planet and its atmosphere. The system 
would act as a weather service writ large, 
delivering images, maps, models and fore- 
casts to users 24 hours a day, 365 days a year. 
Its capabilities would include monitoring and 
forecasting of climatic change, flood risks, soil 
and coastal erosion, crop and fish resources, air 
pollution, greenhouse gases, iceberg distribu- 
tion and snow cover. 

The commission is expected to release 
detailed proposals for GMES funding this 
week. But Nature has already learnt that the 
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plan would require the 27 EU member states 
to pay into a GMES fund, with contributions 
calculated pro rata according to each state's 
gross national income. Parallel proposals for 
a change to ITER’s funding mechanism are 
expected on 13 December. 


ON THE CUSP OF REALITY 
The timing of the commission’s proposals 
could hardly be worse for GMES, whose organ- 
izers plan to start launching its satellite fleet 
in 2013. “Europe, for once, has taken [world] 
leadership to develop a very comprehensive 
Earth-observation system, with multiple sat- 
ellites and instruments at the technological 
cutting edge,” says Josef Aschbacher, the head 
of GMES at ESA, based in Frascati, Italy. “We 
are now on the cusp of making this a reality.” 

He notes that the project has an exemplary 
record of staying on budget, even during its 
long and financially risky research and devel- 
opment phase. Once the satellites enter into 
operation in 2014, costs will become much 
more predictable and easier to control. But 
“we cannot launch the satellites if we have no 
guarantee that the operational funding and 
governance structure will be in place after- 
wards’, Aschbacher says. 

A new funding mechanism would require 
unanimous agreement among the EU mem- 
ber states and could take at least five years to 


establish, he adds, posing a serious setback for 
the project or killing it altogether. 
Aschbacher says that he is now “very con- 
cerned” for GMES’s future, and notes that a 
working document accompanying the com- 
mission's budget proposals seemed to con- 
tradict the proposals, concluding that taking 
GMES out of the main EU budget entirely 
before the pro- 


“Europe, for gramme was firmly 
once, has taken established would 
worldleadership “create high uncer- 
to developa very tainty for GMES” and 
comprehensive “more than likely... 
Earth- mean a discontinua- 
observation tion of GMES”. 

system.” Some observers 


speculate that the 
commission is using this potential threat to 
GMES asa bargaining chip to win concessions 
from member states on other issues, and that, 
ultimately, a compromise solution to its fund- 
ing will be hammered out. 


CREATIVE ACCOUNTING 

Meanwhile, ITER’s financial problems are 
much more pressing. As part of general budget 
negotiations in November, ITER was thrown 
an extra €100 million for next year, but efforts 
to find the remaining €1.2 billion to cover cost 
overruns have failed. 


On 23 November, a ‘trilogue’ of the council, 
commission and parliament could not agree 
on acommission proposal to scrape the money 
together from other parts of the EU budget. 
It suggested transferring €300 million from 
the Framework research budget; €600 million 
from the agriculture budget; €240 million from 
the EU administration budget; and €25 million 
from the justice, home affairs and education 
budget. 

The result was a stalemate, so another tri- 
logue will be held on 1 December. One source 
close to the negotiations says he is “cautiously 
optimistic” that a solution will be found at 
this meeting. If not, says Michel Claessens, a 
spokesman for ITER, there will be “significant 
delays” to the construction of “nearly all the 
buildings of the ITER site”. m 


CLARIFICATION 

The News story ‘Summit urged to clean up 
farming’ (Nature 479, 279; 2011) relied on 
a draft report supplied by the Commission 
on Sustainable Agriculture and Climate 
Change that stated that agriculture is the 
“single largest contributor to greenhouse- 
gas pollution”. The final version of the report 
states that agriculture is “a significant 
contributor to greenhouse gas emissions”. 
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THE ROADLESS WARRIOR 


To save the Amazon, Bruce Babbitt 
wants to isolate islands of oil and gas 
production amid a sea of trees. 


manicured lawns, gleaming office trailers and tidy rows 
of housing. The drone of vehicles competes with Latin music playing 
softly in the distance. Only the occasional birdsong or glimpse of macaws 
serves to remind that this encampment is smack in the middle of the 
Peruvian Amazon. Babbitt looks into the distance, where the separation 
towers of a natural-gas facility rise above the trees and shimmer with 
industrial splendour in the evening sun. “It's an amazing sight,” he says. 
The Malvinas natural-gas plant might seem the ultimate insult to a 
largely unspoiled tropical paradise, particularly for a lifelong conserva- 
tionist such as Babbitt, who served as Secretary of the Interior — respon- 
sible for managing much of the United States’ federal land and natural 
resources — under US President Bill Clinton from 1993 until 2001. But 
where others see blight, Babbitt sees a vision of the future. He looks past 
the pipes and pollution and focuses instead on what makes this project 
stand out: seen from the sky, Malvinas is an island of industrial activity 
in a sea of trees. There are no roads into the site; everything that enters 
or leaves Malvinas, including gas, rubbish, food and people, does so by 
plane, boat or underground pipeline. 


3 ruce Babbitt ambles down a walkway flanked by 
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The design is called an offshore-inland development, 
and Babbitt thinks it might be the western Amazon’s 
only hope. Historically, roads have paved the way for uncontrolled 
development throughout the region. Without them, there can be no 
associated logging, squatting or large-scale invasion of the forest, as 
has happened around other oil and gas operations in the Amazon. 
“There’s a huge rush all across this region, and the place is going to 
be destroyed unless this model is embedded in all future discovery 
and operations,” Babbitt says. “This is a message that curiously does 
not have a messenger.’ 

It does now, in Babbitt. In partnership with the non-profit Blue 
Moon Fund based in Charlottesville, Virginia, Babbitt has used his 
prominence to urge governments in the region to require that any oil 
and gas development in the Amazon basin follow the offshore-inland 
model. His efforts run counter to industry, which fears regulation, 
and to some environmentalists, who want to avoid selling out to oil 
and gas producers that have a poor track record in the Amazon. But 
Babbitt’s campaign is an extension of the work he did in the US govern- 
ment, where he forged innovative policies that balanced business and 
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conservation interests on issues ranging from endangered species to 
energy development in Alaska. 

Now 73 years old, Babbitt is dedicating himself to protecting the 
Amazon. Working with Enrique Ortiz, a programme officer with Blue 
Moon, Babbitt has been shuttling back and forth between Peru and his 
home in Washington DC to promote the offshore-inland model and a 
broader goal of smart, controlled development in the Amazon. 

The heart of their campaign is Malvinas, which began processing 
gas from the surrounding Camisea natural-gas field (see ‘Islands in 
the jungle’) in southeast Peru in 2004. Apart from one field in Brazil, 
Camisea is the only example of offshore—-inland development in the 
Amazon. The roadless plan was implemented under pressure from 
environmental groups and the Inter-American Development Bank 
(IDB), but the idea received scant attention, in part because Camisea 
has been beset by environmental problems such as pipeline leaks. Bab- 
bitt and Ortiz, however, see potential here. They are promoting the idea 
of roadless development at a crucial time, as energy companies look 
to expand their operations in the Amazon. Earlier this year, Babbitt 
and Blue Moon were instrumental in blocking a plan to build a new 
pipeline from the Camisea field that could have spurred widespread 
road construction and deforestation. 

“Tm nota very emotional guy, but I'll tell you I got emotional about 
this,’ Babbitt says, after delivering his first public speech promoting 
his vision for roadless development at an energy conference in Lima 
in September. “It was important to make an issue of it, to demonstrate 
that it was possible to mobilize opposition.” 


DAMAGE CONTROL 

Malvinas’ isolation comes into focus as Babbitt’s helicopter rises into 
the sky and arcs out to the east, across the jungle. The Urubamba River 
borders the plant on the west, and a sea of green surrounds it on all 
other sides. Babbitt and Ortiz are accompanying a crew of six workers 
to San Martin Number 1, a platform for multiple wells tapping natural 
gas, propane, butane and other light hydrocarbons trapped in a sand- 
stone formation thousands of metres below ground. En route, they 
pass over a clearing dotted with thatch-roofed huts near the Camisea 
River. It is home to one of several indigenous communities that have 
leased their land to a consortium led by the exploration and production 
firm Pluspetrol, based in Buenos Aires. ‘Uncontacted’ tribes that have 
yet to establish any ties with modern society roam the rolling hills on 
the horizon. 

The helicopter circles the production site and gives Babbitt and 
Ortiz a good view of the operation. Apart from a few small structures 
containing production equipment, the main feature is an open grass 
field roughly the size of a football pitch, which is used for setting up 
equipment. Several pipes rise up out of the ground on one edge of the 
clearing then dive back below the surface at the base of a hill, mark- 
ing the beginning of an underground journey to Malvinas, where gas 
will be separated from liquids then piped to the coast for distribution. 
Workers cleared a narrow path through the trees when they buried 
the pipeline, but the jungle has since reclaimed the land, completely 
camouflaging the route. 

For the two environmentalists, Malvinas is a proof of principle. 
“This is far from an idyllic forest, but what I see is something that is 
contained,’ Ortiz says. “As long as there is no oil or gas in the river, it’s 
just not that bad.” 

Pluspetrol has several isolated production platforms tapping the 
eastern end of the Camisea field, and is expanding production with 
several platforms to the northwest. At each of these platforms, the com- 
pany used horizontal-drilling techniques to create multiple wells that 
veer off underground and tap different regions, helping to limit the 
amount of forest that needed to be cleared. 

The project's remote location has made it difficult to assess what 
might have happened had roads been allowed into Camisea, but his- 
torically, deforestation has followed closely on the heels of road build- 
ing’. A lack of roads has kept the western Amazon relatively intact. To 
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the south, a classic fish-bone pattern of secondary roads can be seen 
branching off the InterOceanic Highway, and roads have accompanied 
oil and gas operations in Ecuador and northern Peru’. One modelling 
study’ suggests that the southwestern Amazon, around the confluence 
of Peru, Brazil and Bolivia, could lose two-thirds of its forest cover by 
the middle of this century if roads continue to be built without addi- 
tional protections. 


CIRCLE OF LIFE 

Babbitt started working full time on Amazon conservation issues just 
two years ago, after he retired from his law practice in Washington DC. 
He is not, however, new to the region. He made his first trip there in the 
summer of 1962, as a master’s student in geophysics at Britain's Newcastle 
University. His professor, Keith Runcorn, pioneered the palaeomagnetic 
mapping that bolstered the case for plate tectonics, and Babbitt’s job was 
to collect rocks for palaeomagnetic analyses from transects up and down 
the eastern side of the Andes in Bolivia. He spent much of his time in 
camps run by Gulf Oil, a company based in Framingham, Massachusetts, 
that was busy doing early oil and gas reconnaissance. 

Babbitt ended up abandoning rocks for law school and then politics, 
but his geological introduction to the eastern Amazon still comes in 
handy. “There’s a circular quality to life,” he says. “That first summer 
made an impression on me, and I made a commitment to get back” 

As alawyer, Babbitt moved up through the ranks to attorney-general 
of Arizona, then to governor in the 1980s. He failed to win the Demo- 
cratic nomination for the US presidency in 1988, but in 1993, Clinton 
appointed Babbitt to serve as secretary of the Department of the Inte- 
rior, which put him in charge of roughly 200 million hectares of federal 
land. It was then that he began to think more deeply about low-impact 
ways to develop oil and gas, beginning with the North Slope in Alaska. 
In 1998, the interior department opened up around 1.6 million hectares 
of wilderness there for drilling but required the use of ‘ice roads, which 
are created each winter to give heavy equipment access to the region. 
That meant that industrial activity was confined to the winter months 
and helped to prevent damage to the fragile tundra. 

Babbitt started to focus on Camisea drilling in 2002, when he chaired 
a blue-ribbon commission established to review environmental poli- 
cies at the IDB. At the time, a consortium was seeking US$75 million 
in loans from the bank to build a pipeline from Camisea to the coast. 
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The Malvinas natural-gas facility has no roads leading into it. 


Under pressure from environmentalists, the IDB imposed several 
requirements, including roadless development, collaboration with 
native communities and a programme to monitor biodiversity. 

It was an important time for Babbitt. The Camisea example showed 
how international lending institutions could impose social and 
environmental constraints on such projects. And despite a litany of 
complaints about Pluspetrol’s actions in Camisea, Babbitt and Ortiz 
say that the roadless requirements have held up — so far. 

Their optimism is not shared by all. For many environmental and 
social activists, Camisea is a deeply flawed project. It has been rocked by 
scandal, from ruptured pipelines in the early years to questions about 
how the government distributes revenue from the project. Activist 
groups such as Amazon Watch in San Francisco, California, argue that 
Pluspetrol could have built fewer platforms by taking additional steps 
to consolidate their drilling, and that the pipeline has caused exten- 
sive erosion along the route carrying gas south out of the basin from 
Malvinas. César Gamboa, political director for the Law, Environment 
and Natural Resources centre in Lima, supports the offshore-inland 
model, and his group has received funding from Blue Moon to work on 
legal issues associated with oil and gas development and their impact 
on indigenous cultures. But Gamboa sees the model as just a first, small 
step and argues that companies need to do much more to limit the 
environmental and cultural impact of operations in the Amazon. 

Gamboa says that the main issue is what happens to indigenous 
communities as development moves forward. Communities that have 
secured title to their lands can gain access to health and education ser- 
vices through development. As oil and gas production expands, however, 
it will encroach on the uncontacted tribes, which have no formal rights or 
title to the land they live on. “It’s an issue of human rights,’ says Gamboa. 

What is clear is that the operations in southeast Peru are just the 
beginning. Pluspetrol has its eyes on indigenous territories to the east of 
Camisea, and other companies are moving into the region. The Spanish 
company Repsol is exploring to the north, and Brazil’s government- 
controlled energy giant Petrobras is working to the west and south. 
The Peruvian government has already granted exploration rights for 
roughly half of its Amazon territory, and Babbitt says that it is just a 
matter of time before oil and gas companies seek access to the crown 
jewel of the Peruvian Amazon, Manu National Park, the country’s first 
major conservation initiative and an area of extreme biodiversity. 

In addition to funding Peruvian non-governmental organizations 
to conduct research and draft legislative proposals, Babbitt and Ortiz 
are busy spreading the word within industry and government. Bab- 
bitt spoke about the offshore—-inland idea during a conference this 
autumn on Latin American energy investments in New York, and he 
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is now taking the message to investor groups that promote corporate 
responsibility. He and Ortiz are also expanding their audience within 
South America by initiating talks with the Brazilian Development Bank 
and the Brazilian industrial giant Odebrecht Group, based in Salvador, 
which is working on a big pipeline into the Camisea region with Petro- 
bras, based in Rio de Janeiro. 

Babbitt acknowledges that it is a tough sell, even among the 
companies that have developed Camisea and proudly tout its environ- 
mentally friendly attributes. Two years ago, the consortium running 
the pipeline sought to build a second pipeline, which was to be routed 
through the lower Urubamba River valley, and through an important 
environmental sanctuary. 

That plan raised alarm because to construct a pipeline, a temporary 
road would need to be built to move equipment around. Settlers often 
follow roads, so temporary roads become permanent ones, leading to 
deforestation and expanded development. That was not a risk with the 
first pipeline because the tortuous path it follows up and down hills 
is not attractive to loggers, miners and others seeking new territory. 

When Babbitt and Ortiz learned about the plans for a new pipeline, 
they immediately moved to block it. Ortiz mobilized — and in some 
cases funded — environmental groups in Peru while Babbitt lobbied 
old contacts on Capitol Hill and at the IDB. They also made their case 
to Thomas Lovejoy, an Amazon ecologist at George Mason University 
in Fairfax, Virginia, who is on the advisory board of Hunt Oil in Dallas, 
Texas — one of Pluspetrol’s partners in the Camisea project and in the 
pipeline consortium. Hunt Oil officials were sympathetic to Babbitt 
and Ortiz’s case and pushed for a new pipeline route. In the face of 
growing opposition from environmental and indigenous groups, the 
consortium this year redirected the pipeline away from the sanctuary 
and up into the hills. 

Despite Amazon Watch’s reservations about Camisea, its executive 
director, Atossa Soltani, gives Babbitt and Ortiz credit for helping to 


“THIS IS FAR FROM AN IDYLLIC FOREST, BUT WHAT 
| SEE IS SOMETHING THAT IS CONTAINED.” 


persuade the companies to rethink the pipeline. “They took a tactical 
approach,” she says, “and they were really effective.” 

Officials at Pluspetrol, however, do not hold up Camisea as a model. 
Nelson Soto Fuentes, the firm’s director of environmental issues and 
community relations, warns that roadless development is both expensive 
and difficult, and that some communities might actually welcome roads. 

Others are more open to the idea. Carlos del Solar, a consultant for 
Hunt Oil, says that companies are increasingly looking to this kind of 
development as a way to avoid the social conflicts that afflict many 
major infrastructure projects in the region. “It’s expensive, but in the 
long run it pays off” del Solar says, although he is not sure that govern- 
ment regulation is necessary. 

As he prepares to leave Malvinas, Babbitt puts Camisea in a his- 
torical context, comparing the Amazon of today to America’s lawless 
Wild West. Although the struggle between conservation and develop- 
ment continues across the West, including in Babbitt’s Arizona, the US 
government has imposed the rule of law and set up a process to manage 
public lands. Babbitt hopes that the same will happen in the Amazon. 

His goal is to slow down the most destructive road building and 
development until that time comes. The offshore-inland model is not 
a complete answer, he says, “but it starts the process of thinking about 
development in the right way”. m 


Jeff Tollefson covers energy and environment for Nature in New York. 
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A menagerie of intriguing cell structures, some 
long -neglected and others newly discovered, is 
keeping biologists glued to their microscopes. 


surveying hundreds of yeast strains under a microscope. Each strain 

had a different protein tagged with a fluorescent label, and Noree, a 
graduate student at the University of California, San Diego, was looking 
for interesting structures in the cells. 

But it wasn't long until Noree’s labour yielded results: within a month, 
he began finding a wide variety of proteins assembling into clusters 
or long strands. “Imagine every week you found a new intracellular 
structure,” says Jim Wilhelm, a cell biologist and Noree’s adviser. “If it 
were a slot machine, it would be paying off every other time you pulled 
the handle.” 

These days, textbook diagrams of cell structures such as the 
nucleus, mitochondrion, ribosome and Golgi apparatus are begin- 
ning to seem out of date. New imaging techniques, genome data, 
interest from disciplines outside cell biology and a bit of serendipity 
are drawing attention to an intricate landscape of tubes, sacs, clumps, 
strands and capsules that may be involved in everything from inter- 
cellular communication to metabolic efficiency. Some could even 
be harnessed for use in drug delivery or in synthesis of industrial 
products, such as biofuels. 

Some of these structures have been known for decades, whereas 
others have only recently come to light. Wilhelm’s team, for instance, 
has found six kinds of filament that either had never been described, or 
had been largely passed over. “You figure, how many structures could 
have been missed in the cell?” says Wilhelm. “Apparently, a lot more 
than you would imagine.” 


I: 2008, Chalongrat Noree faced an unenviable task: manually 
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> LINES OF COMMUNICATION 

One structure that is receiving fresh scrutiny is the membrane nanotube: 
a thin thread of membrane suspended between cells. In 2000, Amin 
Rustom, then a graduate student at Heidelberg University in Germany, 
was using a newly acquired dye to look at rat tumour cells under a 
fluorescence microscope. But he decided to skip some washing steps in 
the protocol. “He said, ‘I saw something — I don't know what it is, but it 
looks interesting’ ” recalls his former adviser, Hans-Hermann Gerdes, a 
cell biologist now at the University of Bergen in Norway. The tubes that 
Rustom had noticed were so straight that Gerdes initially wondered if 
they were scratches on the dish. 

The team concluded in a 2004 study’ that the structures, which could 
span the distance of several cells, were channels that could transport 
small cellular organelles. That same year, Daniel Davis, a molecular 
immunologist at Imperial College London, and his colleagues proposed 
that immune cells might send signals to each other along such tubes”. At 
the time, Davis recalls, “There would always be people in the audience 
who would say, ‘I saw those strands in the late 1970s or 80s.” But earlier 
observers paid little heed to the tubes. 

The 2004 reports prompted more studies, which have found nano- 

tubes in many types of mammalian cell. Davis's 


> NATURE.COM team found that nanotubes could help certain 
For apodcast and white blood cells to kill cancer cells, either by act- 
slideshow on this ing as a tether that draws the cancer cell close or by 
story see: providing a conduit for delivering lethal signals’. 
go.nature.com/Gelecp Nanotubes can also conduct electrical signals, 
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Nanotubes are thin membranous threads that run 
between cells and may serve as signalling conduits. 
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‘ Orderly microcompartments seem to cordon off 
: certain chemical reactions from the rest of the cell. 


Some metabolic enzymes clump together 
under certain conditions, possibly to improve 


their efficiency. 


which might enable cells to coordinate during migration or wound 
healing, according to a 2010 study by Gerdes and his colleagues’. HIV 
and prions — infectious, misfolded proteins — may even travel along 
the tubes*®. 

Some researchers are sceptical that nanotubes can form open chan- 
nels. “It’s not clear that there’s a real continuous tunnel,” says Jennifer 
Lippincott-Schwartz, a cell biologist at the US National Institutes of 
Health in Bethesda, Maryland. And so far, nanotubes have been studied 
mainly in cell culture. Blocking nanotube formation in living organisms 
might give clues to their importance, says Davis. But such manipulations 
often disturb other crucial processes. 


> PRODUCTIVITY HOTSPOTS 

Researchers have long puzzled over how some metabolic processes work 
so efficiently. If the proteins involved are not close together, intermediate 
molecules could get lost in the “bewildering mass of enzymes in the 
cell’, says Stephen Benkovic, a chemical biologist at Pennsylvania State 
University in University Park. Proteins often assemble to carry outa 
particular task — a large complex is required to copy DNA, for example 
— but Benkovic and others have wondered whether metabolic enzymes 
might cluster together in a multistep assembly line, passing sometimes- 
unstable molecules from one ‘worker’ to the next. 

Benkovic’s group found evidence that this clustering does occur in 
enzymes that produce a precursor of purine nucleotides, which are 
components of DNA and RNA. The team tagged each enzyme with 
a fluorescent label and observed them in living cells under the micro- 
scope. When a cell was deprived of purines, the enzymes grouped 
together in a cluster, which the team called the ‘purinosome”’. Last year, 
the team reported that purinosomes are nestled in a mesh of protein 
fibres called microtubules, like berries in a bramble bush*. The mol- 
ecules produced by purinosomes can be converted to the cellular fuel 
adenosine triphosphate, so Benkovic speculates that purinosomes may 
help power the transport of organelles and materials around the cell on 
microtubule tracks. 

Edward Marcotte, a systems biologist at the University of Texas at 
Austin, advises caution in interpreting these results, however. He and 
his colleagues have seen enzyme clusters as well: in 2009, they reported 


that they had found 180 types of protein forming clumps in starved yeast 
cells’. But it is not clear whether the clumps serve a useful purpose — 
such as improving metabolic efficiency or acting as storage depots — or 
are a result of cellular failures brought on by starvation, says Marcotte. 


> TINY FACTORIES 

Some researchers are taking a closer look at elegant bacterial protein 
containers called microcompartments. First seen about 50 years ago, 
these polyhedron-shaped protein capsules resemble the outer shell of 
a virus”. But unlike viruses, which package genetic material, micro- 
compartments contain enzymes that carry out important reactions, 
such as converting carbon dioxide into a form of carbon that is usable by 
the cell. Scientists suspect that the shells make reactions more efficient, 
keep toxic intermediate products away from the rest of the cell and 
protect enzymes from molecules that could hinder their performance. 

In 2005, protein crystallographers helped to reveal the capsules’ finer 
details. Microcompartments “simply hadn't attracted the attention yet of 
structural biologists’, says Todd Yeates, a structural biologist himself at 
the University of California, Los Angeles. He and his colleagues found 
that some shell proteins assemble into six-sided tiles that come together 
to form the sides of a microcompartment’". Each tile has a hole in the 
centre that could allow molecules to pass through. 

In addition to having an orderly structure, microcompartments can 
also line up in neat rows. Pamela Silver, a synthetic biologist at Harvard 
Medical School in Boston, Massachusetts, and her colleagues reported” 
last year that in cyanobacteria, certain microcompartments called 
carboxysomes “more or less stayed in a line down the centre of the cell’, 
says Silver. This tidy arrangement allows cells to allot carboxysomes 
evenly to daughter cells when dividing. 

Biologists are now eager to exploit these capsules for industrial uses 
by loading them with different enzymes. For instance, Yeates and his 
team are planning to try engineering microcompartments to produce 
biofuel. Some researchers have managed to package fluorescent proteins 
or enzymes from other species into the shells, suggesting that it is pos- 
sible to modify the capsules’ contents. 

Microcompartments still offer plenty of unexplored territory. Sci- 
entists aren't sure, for instance, exactly how enzymes are organized 
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Exosomes (seen here in two different 
environments) can parcel up and distribute 
molecules to distant cells. 


Some enzymes form filaments that serve as structural scaffolding and may 
control reactions en masse. 


inside the capsules, says Cheryl Kerfeld, a structural biologist at Law- 
rence Berkeley National Laboratory in Berkeley, California. “We don't 
really know what it looks like in there” 


> CARGO CONTAINERS 

Other subcellular packages drawing attention are exosomes — tiny 
membrane-enclosed sacs that form inside the cell and are later spat out. 
These nanoscale vessels were discovered in the 1980s and then ignored 
for about a decade — considered a way of bagging up cellular rubbish. 
“People thought they were junk, basically,’ says Jan Lotvall, a clinical 
allergist at the University of Gothenburg in Sweden. 

Interest in exosomes picked up in 1996, when Gra¢a Raposo, a cell 
biologist now at the Curie Institute and the National Centre for Sci- 
entific Research in Paris, and her colleagues scrutinized exosomes spat 
out by B cells, a type of white blood cell. Although the technology to 
examine them — electron microscopy — wasn't new, it wasn’t very pop- 
ular at the time because “it was just old-fashioned’, says Raposo. Using it 
and other techniques, the team reported that the humble vessels might 
do something useful: display scraps of pathogen protein on their sur- 
faces, spurring immune cells to mount defences against an infection”. 
Scientists became even more intrigued when Lotvall’s team reported 
in 2007 that exosomes could carry messenger RNA™, some of which 
could be picked up and translated in a recipient cell. This suggested that 
the shipments might allow cells to affect protein production in their 
neighbours. The study “really showed that exosomes were a vehicle of 
communicating important information between cells’, says Clotilde 
Théry, a cell biologist who is also at the Curie Institute. 

Researchers are now trying to use exosomes to deliver drugs to specific 
parts of the body — with the hope that, because exosomes are ‘natural, 
they might be less likely to be toxic or provoke an immune response 
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than other vessels, such as artificial lipid sacs or protein shells. This year, 
Matthew Wood, a neuroscientist at the University of Oxford, UK, and 
his colleagues reported’*an attempt in mice: the team loaded exosomes 
with artificial RNA intended to hinder production of a protein involved 
in Alzheimer’s disease and tagged them with a molecule directing them 
to neurons and the blood-brain barrier. The exosomes successfully deliv- 
ered their cargo and reduced production of the protein with no obvious 
ill effects, the team found. Other scientists are trying to fish exosomes out 
of body fluids and analyse their contents to diagnose cancer or deploy 
exosomes to provoke immune responses against tumours. 


» CELL SERPENTS 

Finally, Wilhelm’s group and others have found filaments that string 
together enzymes by the hundreds or thousands — enough, in some 
cases, to span nearly the entire cell. One of the filament-forming enzymes 
Wilhelm’s team found was CTP synthase, which makes a building block 
for DNA and RNA". Two other teams discovered the same filaments 
in fruitflies and bacteria at around the same time!”"*. One researcher, 
Ji-Long Liu, a cell biologist at the Medical Research Council Functional 
Genomics Unit at the University of Oxford, named them cytoophidia 
(or cell serpents’) because of their snake-like shapes in fly cells. Wilhelm 
suspects that researchers found the same filaments in the 1980s but never 
identified the protein. 

These structures could allow the cell to turn enzymes on and off en 
masse, suggests Wilhelm. For instance, if the enzymes in a filament 
are inactive, the cell could activate all of them by dissolving the strand. 

In some bacteria, enzyme filaments also seem to serve a structural 
purpose, somewhat like the actin filaments that are part of the cyto- 
skeleton in more complex cells. When Zemer Gitai, a cell biologist 
at Princeton University in New Jersey, and his colleagues studied the 
structures in acomma-shaped bacterium called Caulobacter crescentus, 
they found that CTP-synthase filaments kept the cells’ curvature in 
check. If there was too little of the enzyme, the cells curled up tightly; if 
there was too much, they straightened out”’. 

Itis not clear why curvature is important for the bacterium, says Gitai, 
but the findings suggest that the cells may have co-opted enzyme filaments 
to preserve cell shape. Researchers already suspect that actin is related to 
the enzyme hexokinase. It is possible that the cytoskeleton arose from fila- 
ments that originally formed to regulate the cell’s metabolism, Gitai says. 

Although the purpose and importance of some of these emerging 
structures is not yet clear, the research illustrates that the act of simply 
observing cells and their contents is alive and well. “A key aspect of 
doing great science is exploration,” says Davis. “I think that there's a 
tremendous amount that we learn just by watching.” = 


Roberta Kwok is a freelance writer in Burlingame, California. 
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Terra Nova: Robert Scott’s ill-fated 1911 expedition opened up the Antarctic to scientific exploration. 


Turning the world 
upside down 


Research, not pole-bagging, was the lasting achievement of 
Antarctic exploration 100 years ago, says Edward J. Larson. 


his month, and again in January, 
| hundreds of scientists across Antarc- 
tica will set down their tools to mark 
the 100th anniversaries of the first explorers 
reaching the South Pole. Most will see the 
centenaries as simply marking the end of 
a much-romanticized race between Roald 
Amundsen’s dog-sledding Norwegians and 
Robert Scott's man-hauling Brits. Yet they 
should also celebrate those journeys, and 
the competition involved, for their role in 
launching Antarctic science. 


Competition drove early Antarctic 
research much as it still drives modern 
science, but the contest did not begin with 
Amundsen and Scott’s 1911 race to the 
pole. It had started a decade earlier in the 
rivalry between Britain and Germany to dis- 
cover a continent for science. With Britain’s 
Royal Society and Royal Geographic Soci- 
ety and German geophysicist Georg von 
Neumayer leading the way, a generation 
of scientists in both countries had lobbied 
their governments for big-science projects 
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in the Antarctic. In 1900, scientists in each 
country used the threat of the other nation 
gaining the advantage in polar discovery to 
prod their own to fund what were planned 
as the first expeditions to winter in the 
Antarctic. Others rushed in with less ambi- 
tious ventures, but the expeditions aboard 
purpose-built research ships — Britain's 
Discovery and Germany’s Gauss — launched 
the heroic age of Antarctic exploration. 
What was the science being sought? In 
1900, no one knew if Antarctica was > 
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Robert Scott, Ernest Shackleton and Edward Wilson (left to right) setting out on the first attempt on the 


South Pole in 1902. 


> a continent or simply a polar ice cap 
anchored on an archipelago of islands. Yet 
studies of deep-sea currents and high-altitude 
weather patterns suggested that the Antarctic 
governed ocean circulation and influenced 
the global climate. On the basis of seabed 
deposits and the fossil record further north, 
some scientists argued that it must contain a 
continental landmass, which formerly had 
been warm enough to support higher plants 
and had been linked to the other south- 
ern continents, serving as a land bridge for 
species movement. Charles Darwin had 
proposed the latter hypothesis to account 
for the abrupt appearance of imprints of 
Glossopteris plants in the fossil record 
of Africa, South America and Australia. 
Geophysicists sought reliable data on terres- 
trial magnetism for deep-southern latitudes 
and wanted to determine the precise loca- 
tion of the South Magnetic Pole, to which the 
compass points — a slowly migrating region 
that, at the time, was located nearly 2,000 kilo- 
metres north of the South Geographic Pole. 


FIRST STEPS 
Commanded by geophysicist Erich von 
Drygalski, the Gauss left Germany in the sum- 
mer of 1901. It became trapped in pack ice off 
the little-known Antarctic coast south of the 
Indian Ocean and its scientists made only 
limited excursions onshore. They conducted 
oceanographic, magnetic, meteorological and 
wildlife research from the vessel for nearly a 
year before getting out of the ice in February 
1903 and heading home prematurely. 

Under Scott's command, the Discovery 
expedition also sailed south in 1901. The 
British team established its winter quarters 


on Ross Island in a region already known to 
contain a coastal mountain range, an active 
volcano, rich marine life and an ice shelf that 
some thought might extend to the South 
Pole. While researchers collected marine 
and geological specimens, took continual 
seismic, magnetic and meteorological read- 
ings, searched for fossils, discovered the first- 
known emperor penguin rookery, measured 
the movement of glaciers and mapped the 
terrain and coastline, Scott set off for the pole 
with ship's officer Ernest Shackleton and sur- 
geon Edward Wilson. Although they fell far 
short of their goal because of poor planning 
and execution, they marched farther south 
than any previous party and transformed 
reaching the pole into a British obsession. 
Over the next decade, Shackleton and Scott 
returned to the region with two new expe- 
ditions — Shackleton’s Nimrod expedition 
(1907-09) and Scott’s ill-fated Terra Nova 
expedition (1910-13) — that featured both 
a polar dash and scientific research. 

At a time when the British Empire ruled 
one-quarter of the world’s land area and 
sought to extend its reach still farther, these 
British expeditions captured international 
attention. Newspapers, magazines and book 
publishers vied for first-hand accounts by 
Scott and Shackleton. Manufacturers of prod- 
ucts ranging from oatmeal and cigarettes to 
scientific equipment and motor cars supplied 
their goods free to the explorers in exchange 
for the chance to tout 
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Edgeworth David as scientific director for 
his Nimrod expedition. Accompanied by his 
former student Douglas Mawson and oth- 
ers, David climbed the southernmost active 
volcano and man-hauled heavy sledges more 
than 1,000 kilometres across sea ice, up a gla- 
cier and over the Antarctic Plateau to reach 
the South Magnetic Pole in January 1909. 
Such extreme research efforts were typical of 
the British expeditions. 

Stung by Scott’s criticism of his physical 
shortcomings — supposedly a lack of endur- 
ance — on Discovery’s polar trek, Shackleton 
had returned south in 1907 with the clear 
goal of reaching the geographic pole, even as 
David and the other scientists on his expedi- 
tion pursued a rich research agenda. Besting 
the researchers on the Discovery expedition 
on virtually every score, they determined that 
Antarctica is a continental landmass, plot- 
ted the atmospheric patterns radiating from 
the South Polar Region, found widespread 
evidence of retreating glaciers, discovered 
freshwater algae and microorganisms in 
frozen lakes, and obtained fossil evidence 
of higher plant life in a land now devoid of 
it. Antarctica had experienced a temperate 
climate in earlier epochs, they concluded, 
and was now warming again. Meanwhile, 
displaying the determination and survival 
skills that would make him a legend, Shack- 
leton pioneered a route south across the ice 
shelf, up the Beardmore Glacier and over the 
Antarctic Plateau to within 200 kilometres of 
the South Geographic Pole. It earned him a 
knighthood on his return home. 


SCOTT RETURNS 

With the pole still unclaimed, and intent 
on restoring his pre-eminence in Antarc- 
tic exploration, Scott headed south in 1910 
aboard the ship Terra Nova with more scien- 
tists than on any previous polar expedition. 
“Doubtless there are those who will criti- 
cize this provision [for scientific research] 
in view of its published objectives — that 
of reaching the South Pole,” Scott wrote of 
his final expedition. “But I believe that the 
more intelligent section of the community 
will heartily approve of the endeavour to 
achieve the greatest possible scientific har- 
vest which the circumstances permit.” Scott 
received more than 8,000 applications for 
32 places on the shore party. 

Not knowing of Amundsen’s intentions 
before setting sail, Scott planned a deliberate 
assault on the pole. Like Amundsen, Scott 
wintered on the edge of the Ross Sea before 
embarking in the spring on the arduous trek 
to the pole. But unlike Amundsen, who trav- 
elled light and only with those who would 
go the entire 1,200-kilometre distance, Scott 
set off with teams of men, ponies, tractors 
and dogs that would leave depots of supplies 
and fall back in stages until only one group 
remained to man-haula single sledge over 
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Cape Royds in 1911; inflating a weather balloon; geologist Frank Debenham grinds rock samples. 


the Antarctic Plateau. Scott designed the 
mission for safety, not speed, and was unable 
or unwilling to adjust it after learning that 
Amundsen was also heading south. 

Scott’s expedition was further burdened 
with a weighty research agenda. During the 
first winter, while the Norwegians focused 
on preparing for their polar dash, the Brit- 
ish engaged in a variety of activities. Six men, 
including geologist Raymond Priestly, a vet- 
eran of the Nimrod expedition with proven 
survival skills, had been dispatched to sur- 
vey the Ross Sea's northwestern coast, where 
they spent the winter. The following summer, 
rather than returning this party to the main 
base, Scott transferred it to a geologically 
interesting site farther south on the coast for 


a planned month of research, which extended 
over a second winter when ice blocked the 
Terra Nova ship from extracting the group. 
Although it made notable findings, the party 
contributed nothing to the polar dash. 
Edward Wilson, the Terra Nova’s scien- 
tific director, caused another costly diver- 
sion by taking a 225-kilometre winter 
journey to an Emperor penguin rookery. 
Having visited the site during the Discov- 
ery expedition, he wanted to study the 
birds during the midwinter nesting period. 
No one had ever tried to travel overland in 
the dark Antarctic winter, much less haul 
sledges at temperatures down to —60°C. It 
nearly killed the three men involved, but 
two of them, Wilson and H. R. Bowers, 
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subsequently accompanied Scott to the pole. 

A full regime of research continued 
through the Antarctic winter and into the 
spring. A month before setting off on the 
polar journey, Scott himself led a 240-kilo- 
metre trek into the Trans-Antarctic Moun- 
tains to measure the movement of the Ferrar 
Glacier. Critics have chided Scott for such 
actions, which inevitably handicapped 
him in the race with Amundsen. Two days 
before departing for Ferrar, however, after 
reviewing the expedition’s scientific work 
and weighing it against the likelihood of 
Amundsen beating him to the pole, Scott 
wrote in his diary: “It is really a satisfactory 
state of affairs all around. If the [polar] jour- 
ney comes off, nothing, not even lost priority 
at the Pole, can prevent the Expedition rank- 
ing as one of the most important that ever 
entered the Polar regions.” Science would 
make it so, and so science must be served. 

Of course, the polar journey did not 
succeed. The Norwegians beat the Brit- 
ish to the South Pole and Scott and his 
four companions died on the way back. 
The weather was unseasonably cold and 
the men steadily weakened. Nevertheless, 
near the end, they stopped to collect fossils 
from beside the Beardmore Glacier. Wilson 
had spotted Glossopteris impressions, 
which geologists on all the British expedi- 
tions had sought in hopes of proving that 
the southern continents were once linked 
to Antarctica. Scott’s party hauled these 
specimens to the final camp, where they 
were later found with the dead men, their 
diaries and their field notes. 

By the time the findings from the Terra 
Nova expedition had been fully analysed 
back in Britain, scientists had gained a new 
appreciation of the Antarctic’ global signifi- 
cance. Previously, European and US Earth 
scientists had given priority to the Northern 
Hemisphere. With the voyage of the British 
research ship Challenger in the 1870s, they 
began to realize that undercurrents from the 
Southern Ocean regulate the marine life and 
the temperature of the other great oceans, and 
that air currents from the far south influence 
the climate farther north. Data collected by 
Antarctic explorers during the early twentieth 
century, in large part by scientists travelling 
with Shackleton and Scott, confirmed that 
Antarctica’s vast glaciers, ice sheets and ice 
shelves — much more than the Arctic’s thin 
ice cap — influence the global environment. 
In doing so, they turned the world upside 
down and put Antarctica on top. = 
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Abrupt thaw, as seen here in Alaska’s Noatak National Preserve, causes the land to collapse, accelerating permafrost degradation and carbon release. 


High risk of permafrost thaw 


Northern soils will release huge amounts of carbon in a warmer world, say 
Edward A. G. Schuur, Benjamin Abbott and the Permafrost Carbon Network. 


rctic temperatures are rising fast, 
A™ permafrost is thawing. Carbon 

released into the atmosphere from 
permafrost soils will accelerate climate 
change, but the magnitude of this effect 
remains highly uncertain. Our collective 
estimate is that carbon will be released more 
quickly than models suggest, and at levels 
that are cause for serious concern. 

We calculate that permafrost thaw will 
release the same order of magnitude of 
carbon as deforestation if current rates of 
deforestation continue. But because these 
emissions include significant quantities of 
methane, the overall effect on climate could 
be 2.5 times larger. 

Recent years have brought reports from 
the far north of tundra fires’, the release of 
ancient carbon’, CH, bubbling out of lakes? 
and gigantic stores of frozen soil carbon’. 
The latest estimate is that some 18.8 mil- 
lion square kilometres of northern soils hold 
about 1,700 billion tonnes of organic car- 
bon* — the remains of plants and animals 
that have been accumulating in the soil over 
thousands of years. That is about four times 
more than all the carbon emitted by human 
activity in modern times and twice as much 
as is present in the atmosphere now. 

This soil carbon amount is more than 
three times higher than previous estimates, 


largely because of the realization that organic 
carbon is stored much deeper in frozen soils 
than was thought. Inventories typically meas- 
ure carbon in the top metre of soil. But the 
physical mixing during freeze-thaw cycles, in 
combination with sediment deposition over 
hundreds and thousands of years, has buried 
permafrost carbon many metres deep. 

The answers to three key questions will 
determine the extent to which the emission 
of this carbon will affect climate change: How 
much is vulnerable to release into the atmos- 
phere? In what form it will be released? And 
how fast will it be released? These questions 
are easily framed, but challenging to answer. 


KNOWN UNKNOWNS 

As soils defrost, microbes decompose the 
ancient carbon and release CH, and carbon 
dioxide. Not all carbon is equally vulner- 
able to release: some soil carbon is easily 
metabolized and transformed to gas, but 
more complex molecules are harder to break 
down. The bulk of permafrost carbon will 
be released slowly over decades after thaw, 
but a smaller fraction could remain within 
the soil for centuries or longer. The type of 
gas released also affects the heat-trapping 
potential of the emissions. Waterlogged, 
low-oxygen environments are likely to con- 
tain microbes that produce CH, — a potent 
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greenhouse gas with about 25 times more 
warming potential than CO, over a 100-year 
period. However, waterlogged environments 
also tend to retain more carbon within the 
soil. It is not yet understood how these fac- 
tors will act together to affect future climate. 

The ability to project how much carbon will 
be released is hampered both by the fact that 
models do not account for some important 
processes, and by a lack of data to inform the 
models. For example, most large-scale mod- 
els project that permafrost warming depends 
on how much the air is warming above them. 
This warming then boosts microbial activity 
and carbon release. But this is a simplification. 
Abrupt thaw processes can cause ice wedges 
to melt and the ground surface to collapse, 
accelerating the thaw of frozen ground’. Evi- 
dence of rapid thaw is widespread: you can 
see it in the ‘drunken trees that tip danger- 
ously as a result of ground subsidence, and 
in collapsed hill slopes marked by scars from 
landslides. These are just some of the complex 
processes that models don't include. 

At the same time, few data are available to 
support these models because of the difficul- 
ties of gathering data in extreme environ- 
ments. Only a handful of remote field stations 
around the world are collecting data to sup- 
port this research, even though the perma- 
frost zone covers about almost one-quarter 
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of the Northern Hemisphere’s land area. 
The field studies that do exist confirm that 
permafrost thaw is tightly linked to ground 
subsidence and soil moisture as well as tem- 
perature. So modelling carbon emissions 
from permafrost thaw is much more complex 
than a simple response to temperature alone. 

Models have flaws, but experts intimately 
familiar with these landscapes and processes 
have accumulated knowledge about what 
they expect to happen, based on quantitative 
data and qualitative understanding of these 
systems. We have attempted to quantify this 
expertise through a survey developed over 
several years. 


SURVEY SAYS 

Our survey asks what percentage of the 
surface permafrost is likely to thaw, how 
much carbon will be released, and how much 
of that carbon will be CH,, for three time 
periods and under four warming scenarios 
that will be part of the Intergovernmental 
Panel on Climate Change Fifth Assessment 
Report. The lowest warming scenario pro- 
jects 1.5°C Arctic warming over the 1985- 
2004 average by the year 2040, ramping up to 
2°C by 2100; the highest warming scenario 
considers 2.5 °C by 2040, and 7.5 °C by 2100. 
In all cases, we posited that the temperature 
would remain steady from 2100 to 2300 so 
that we could assess opinions about the time 
lag in the response of permafrost carbon to 
temperature change. 

The survey was filled out this year by 
41 international scientists, listed as authors 
here, who publish on various aspects of per- 
mafrost. The results are striking. Collectively, 
we hypothesize that the high warming sce- 
nario will degrade 9-15% of the top 3 metres 
of permafrost by 2040, increasing to 47-61% 
by 2100 and 67-79% by 2300 (these ranges 
are the 95% confidence intervals around the 
group's mean estimate). The estimated car- 
bon release from this degradation is 30 billion 
to 63 billion tonnes of carbon by 2040, reach- 
ing 232 billion to 380 billion tonnes by 2100 
and 549 billion to 865 billion tonnes by 2300. 
These values, expressed in CO, equivalents, 
combine the effect of carbon released as both 
CO, and as CH,. 

Our estimate for the amount of carbon 
released by 2100 is 1.7-5.2 times larger than 
those reported in several recent model- 
ling studies®*, all of which used a similar 
warming scenario. This reflects, in part, our 
perceived importance of the abrupt thaw 
processes, as well as our heightened aware- 
ness of deep carbon pools. Active research 
is aimed at incorporating these main issues, 
along with others, into models. 

Are our projected rapid changes to the 
permafrost soil carbon pool plausible? The 
survey predicts a 7-11% drop in the size of 
the permafrost carbon pool by 2100 under 
the high-warming scenario. That scale of 


carbon loss has happened before: a 7-14% 
decrease has been measured in soil carbon 
inventories across thousands of sites in the 
temperate-zone United Kingdom asa result 
of climate change’. Also, data scaled up 
from a single permafrost field site point to 
a potential 5% loss over a century as a result 
of widespread permafrost thaw’. These field 
results generally agree with the collective 
carbon-loss projection made by this survey, 
so it should indeed be plausible. 

Across all the warming scenarios, we pro- 
ject that most of the released carbon will be 
in the form of CO,, with only about 2.7% in 
the form of CH,. However, because CH, has 
a higher global-warming potential, almost 
half the effect of future permafrost-zone car- 
bon emissions on climate forcing is likely to 
be from CH,. That is roughly consistent with 
the tens of billions of tonnes of CH, thought 
to have come from oxygen-limited environ- 
ments in northern ecosystems after the end 
of the last glacial period”. 

All this points towards significant carbon 
releases from permafrost-zone soils over 
policy-relevant timescales. It also highlights 
important lags whereby permafrost degra- 
dation and carbon emissions are expected 
to continue for decades or centuries after 
global temperatures stabilize at new, higher 
levels. Of course, temperatures might not 
reach such high levels. Our group’s estimate 
for carbon release under the lowest warm- 
ing scenario, although still quite sizeable, is 
about one-third of that predicted under the 
strongest warming scenario. 

Knowing how much carbon will be 
released from the permafrost zone in this 
century and beyond is crucial for determin- 
ing the appropriate response. But despite the 
massive amount of carbon in permafrost 
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soils, emissions from these soils are unlikely 
to overshadow those from the burning of fos- 
sil fuels, which will continue to be the main 
source of climate forcing. Permafrost carbon 
release will still be an important amplifier 
of climate change, however, and is in some 
ways more problematic: it occurs in remote 
places, far from human influence, and is dis- 
persed across the landscape. Trapping carbon 
emissions at the source — as one might do at 
power plants — is not an option. And once 
the soils thaw, emissions are likely to continue 
for decades, or even centuries. 

The scientific community needs to collect 
more data and develop more-sophisticated 
models to test the hypotheses presented by 
this survey. Fortunately, awareness of the 
problem is increasing and these are starting 
to happen. The US Department of Energy, 
for example, has initiated a project called 
Next-Generation Ecosystem Experiments 
— Arctic, which aims to improve the rep- 
resentation of these processes in large-scale 
models. NASA is pursuing an Arctic-Boreal 
Vulnerability Experiment, which aims to 
improve satellite observations of this region. 
The Vulnerability of Permafrost Carbon 
Research Coordination Network funded 
by the US National Science Foundation, of 
which we are part, is bringing together peo- 
ple and observations to synthesize results 
and validate models. These are just some of 
the many international initiatives aimed at 
filling these research gaps. 

In the meantime, our survey outlines the 
additional risk to society caused by thawing 
of the frozen north, and underscores the 
urgent need to reduce atmospheric emis- 
sions from fossil-fuel use and deforestation. 
This will help to keep permafrost carbon 
frozen in the ground. = 
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Stem cells offer biologists the chance to unpick the molecular differences that define cell types. 


Beyond HeLa cells 


To find out what distinguishes one cell type from 
another, cell biologists must renounce popular cell 
lines, argue Anthony H. Hyman and Kai Simons. 


the basis of the life of all organisms. Sub- 

sequent discoveries in enzymology and 
molecular biology demonstrated the unity 
of life: the basic machinery is similar in all 
cells, giving rise to Jacques Monod’s famous 
dictum that what is true for Escherichia coli 
is also true for an elephant. 

This understanding would have been 
impossible without the use of single-celled 
organisms and animal and human cell lines 
that will grow indefinitely in culture. The 
most famous of these is the continuously 
dividing HeLa line, derived from the cervi- 
cal cancer cells of a woman named Henrietta 
Lacks. More than 65,000 scientific studies 
using HeLa cells have been published since 
the 1950s, and the cells have been used 
to study every conceivable aspect of cell 
physiology as well as the basic machinery 
common to all cells. 

However, cancer cells, such as those 
from which the HeLa line was derived, 
have a physiology far removed from that 
of normal cells in tissue, where cells inter- 
act with and receive signals from other 
cells nearby. Furthermore, HeLa cells can- 
not tell researchers anything about what 
distinguishes one cell type from another — a 
liver cell from a pancreatic cell, for instance. 
So, although HeLa cells and other immortal 
cells derived from cancer patients are good 
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for investigating what cells have in common, 
they are completely inadequate for address- 
ing the next big topic in cell biology: cellular 
diversity in normal tissue. In other words, 
how do cells’ DNA, RNA and proteins act 
together to specify the properties of differ- 
ent cell types? To answer this question, we 
need to make the difficult transition to anew 
research tool in cell biology: stem cells. 
Cytologists can look at a cell under the 
microscope and give it a label, but they do 
so on the grounds of its morphology — its 
external shape and the appearance of its 
internal structures, for instance. On this 
basis, we assign labels such as ‘pyramidal 
cells, ‘medium spiny neurons’ or ‘cuboidal 
epithelial cells: But this is a crude approach, 
akin to how microbial species were defined 
before the invention of DNA sequencing. 
What really distinguishes one cell type 
from another is how the various molecular 
elements function and interact. 
Understanding the molecular basis of cell 
identity has important medical implications. 
Pathologists generally define the type of 
cancer by cell morphology. But cancer 
genomics projects are showing that each 
type of cancer is very diverse: patterns of 
mutation in tumours of the same organ 
have little in common in different indi- 
viduals. The literature is full of cases in 
which, for example, scientists believed they 
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were studying a breast-cancer cell line that 
turned out to be derived from melanoma 
cells instead. Only a molecular understand- 
ing of why cells look and behave differently 
will allow unambiguous definition of both 
normal and altered cell types. 

One way to achieve this is to move away 
from immortalized tissue-culture cells; the 
days of HeLa cells are over. Instead, cell 
biologists should use embryonic stem cells 
derived from mice or other model organ- 
isms, or convert differentiated cells into 
precursors using a cocktail of transcription 
factors, and study in detail how these cells 
become various cell types. 

At the moment, stem-cell research is 
heavily driven by the hope of new therapies 
that can replace malfunctioning cells in our 
body. To expand the field, cell and stem-cell 
biologists need to work together to derive, 
maintain and differentiate cell lines rep- 
resenting different cell types, and to use 
modern imaging and other methods in the 
cell biologist’s tool-kit to study these cells. Just 
as developmental biology was transformed 
by insights and approaches from cell biol- 
ogy, it will be crucial to introduce those same 
approaches into stem-cell biology. 

The movement of cell biologists into 
stem-cell biology will also aid attempts to 
harness the healing potential of stem cells 
in medicine. Currently, stem-cell research 
relies heavily on transcription factors to 
differentiate and to identify cells, because 
different cell types express different tran- 
scription factors. But this characterization is 
too narrow; cell identity encompasses more 
than a handful of transcriptional networks. 
If cell biologists could uncover the molecular 
machinery that distinguishes different cell 
types, this would make stem-cell research 
safer. To avoid the catastrophes of the early 
days of gene therapy, in which genetic 
modifications induced cancer, we must 
understand the cell biology of the cells that 
will be reintroduced. Do they really func- 
tion as normal counterparts in our body? 
Or could they potentially turn into cancer 
cells in their new environment? 

A switch from cell lines such as HeLa, 
which are simple to grow and maintain, 
to stem cells, which require more precise 
conditions, will be difficult. Consequently, 
funding organizations must develop stand- 
ardized protocols and other tools that make 
it easier to produce the plethora of different 
cells that we need to study. In the 1960s, agen- 
cies dedicated funds to establish the first tech- 
niques that maintained cells in culture — itis 
time for a new technological breakthrough. m 
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Italian nuclear physicist Bruno Pontecorvo fled to Moscow in 1950, but there is no evidence he was a spy. 


Atomic secrets 


Mystery lingers round the sudden defection of cold- war 
physicist Bruno Pontecorvo, finds Sharon Weinberger. 


overnments love secrets. Nuclear 
Ge are the most prized of all, and 

their potential revelation is greatly 
feared. That is why, more than 60 years after 
the event, the defection of Italian nuclear 
physicist Bruno Pontecorvo to the Soviet 
Union is still so unsettling. 

Was Pontecorvo — the only Western 
scientist involved in wartime nuclear pro- 
jects to have defected — a Soviet spy or an 
idealist seeking to escape anti-communist 
hysteria? In The Pontecorvo Affair, historian 
Simone Turchetti re-examines this intriguing 
incident. 

Stymied by the secrecy still shrouding the 
case, Turchetti cannot tell us whether Ponte- 
corvo was a Soviet agent or not. But he upends 
the notion that Pontecorvos limited access to 
atomic ‘secrets’ made his defection a minor 


footnote to cold-war history. He argues com- 
pellingly that it was Pontecorvo’s expertise 
in key areas of nuclear physics, rather than 
access to secret work, that made his defection 
significant. “Scientific knowledge,” Turchetti 
writes, “cannot be smuggled in plastic bags.’ 

He also offers new insight into what 
impelled Pontecorvo to flee to the East 
in 1950, and notes that both the US and 
UK governments were eager to downplay 
Pontecorvos nuclear expertise to minimize 
the public impact of his defection. Even if he 
was not an atomic spy, Pontecorvo probably 
madea meaningful contribution to the Soviet 
nuclear programme, 
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appreciated before. 
The story of Ponte- 
corvos career begins 
with the familiar nar- 
rative of a Second 
World War émigré. 
As a scientist from an 
Italian Jewish family, 
he fled the march of 
fascism by leaving for 
the United States in 
1940. Although never 
directly involved in 


The Pontecorvo 
Affair: A Cold War 
Defection and 
Nuclear Physics 


SIMONE TURCHETTI the Manhattan Project, 
University Of Chicago he became one of sev- 
Press: 2012.272pp. eral prominent Italian 
$45, £29 scientists to work on 


nuclear programmes, 
including Enrico Fermi and Emilio Segré. 
His contributions to geophysical prospect- 
ing involved looking at the interaction of 
neutrons with rock formations, which help 
to reveal the presence of oil underground. 
He was also involved in the ‘pile physics’ of 
nuclear reactors. 

His Italian nationality aroused suspicion 
among Western security services, however. 
His family was known for its communist lean- 
ings: his brother Gillo later directed the iconic 
anti-colonial 1966 film The Battle of Algiers. 

For a while, the suspicions did not hamper 
Pontecorvos work, even on sensitive nuclear 
projects. After a stint in Canada, Pontecorvo 
left for the United Kingdom, where he worked 
on the British nuclear-bomb project. Even- 
tually, however, the security noose tightened 
and Pontecorvo was forced out of his job at 
the Atomic Energy Research Establishment 
in Harwell. In 1950, he accepted an academic 
position at Liverpool University. Then, 
the well-worn narrative veers off course. 
Midway through a seemingly bucolic summer 
holiday, Pontecorvo and his family began a 
sudden dash across Europe, eventually head- 
ing to Stockholm and on through Finland to 
the Soviet Union. 

Little solid evidence has been offered for 
why Pontecorvo fled when he did. Some 
accounts allege that he was a Soviet agent, 
whisked away by handlers who feared his 
exposure — particularly after the conviction 
earlier that year of atomic spy Klaus Fuchs. 
Turchetti, however, argues that the trigger 
was the battle brewing over the slow-neutron 
patent filed by Pontecorvo and other Italian 
scientists. This gave them a financial stake in 
the technology the United States was using 
to produce plutonium. At the time, the US 
government was producing it in a reactor that 
used graphite to slow the neutrons. 

In 1950, one of the patent holders, 
Gabriel Giannini, filed a suit against the US 
government, seeking compensation. The suit 
caught Pontecorvo off guard, and Turchetti 
argues that the prospect of having his name 
tied to a public legal battle against the > 
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> US government, combined with the 
mounting security investigation into his 
background, was what prompted him to 
flee. The timing is persuasive: the day the 
news of the suit reached Europe, Ponte- 
corvo set his plans for defection in motion. 

Turchetti is critical of contemporaneous 
media accounts and later books that allege 
Pontecorvo was a spy; some are based on 
recollections of former agents of the Soviet 
security service. Decades on, there is no 
firm evidence to support the allegation. 

What did Pontecorvo offer the Soviet 
atomic weapons programme? Here 
Turchetti speculates, based on what 
is known. After his defection, Ponte- 
corvo worked at the Dubna Institute for 
Nuclear Research near Moscow (now 
the Joint Institute for Nuclear Research) 
— ostensibly only on civil nuclear 
science. Turchetti argues that, in reality, 
his expertise would have allowed him 
to make important contributions to the 
Soviet atomic bomb without necessarily 
working on secret projects. In particular, 
Pontecorvo’s geophysical expertise may 
have helped the Soviet Union to gain 
access to uranium reserves, which were 
in short supply in the 1950s. 

Today, neither the Russian archives nor 
those of the US Federal Bureau of Inves- 
tigation on Pontecorvo are open. Such 
secrecy tells us much about those times 
and about the post-cold-war mindsets 
on both sides of the fence, which remain 
riddled with paranoia. The allegations 
of espionage levied in 1999 against Wen 
Ho Lee, a Taiwanese-US scientist work- 
ing at Los Alamos National Laboratory 
in New Mexico, demonstrate how those 
fears continue to guide, and misguide, 
investigations of such claims. 

Wen Ho Lee was exonerated of espio- 
nage. Pontecorvo — who died in Russia 
in 1993, deeply disillusioned with com- 
munism — remains in posthumous limbo. 

One thing is clear. If Pontecorvo was not 
a spy, and his defection was based simply 
on fear of persecution and a preference 
for life under communism, he made a 
poor choice. In the West during the cold 
war, scientists lost their jobs amid witch- 
hunts, but in the Soviet Union, at least 
under Joseph Stalin, the outcomes were 
more dire. Nothing in the book illustrates 
this better than Stalin’s comment ona pro- 
posed conference organized by nuclear 
physicists: “Leave them in peace, we can 
shoot them later.” m 


Sharon Weinberger is a writer based in 
Washington DC and a Carnegie Fellow 
at the Medill School of Journalism, 
Northwestern University, Evanston, 
Illinois, USA. 

e-mail: sharonweinberger@gmail.com 
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A dynamic eighteenth-century exhibit of horse muscle anatomy from Pavia’s Museum of Natural History. 


Stripped assets 


Paolo Mazzarello argues that the disposal of collections 
requires clear consultation with the public. 


useums are facing a sort of 
Malthusian constraint — an explo- 
sive increase in the volume of their 


collections, coupled with a severe reduction 
in funding, fuelled partly by the current eco- 
nomic crisis. Collections cannot be increased 
indefinitely and sustained forever. So what 
happens when a saturation point is reached? 

The Museum of Natural History at the Uni- 
versity of Pavia in Italy is an example of how 
things can go wrong at such a tipping point. 
Founded by naturalist Lazzaro Spallanzani 
in the eighteenth century, the museum was 
dismantled in the 1930s in the face of finan- 
cial and other pressures. The collection — 
including some of the first animal specimens 
preserved by taxidermy — was then dispersed 
across a number of sites in Pavia and the 
surrounding area. 

This was an extreme solution, but museums 
must evolve. The goal of museums, to 


2011 
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safeguard the evidence of important changes 
in the history of the planet and human- 
kind, is an endless task. In response, they 
must be dynamic places, where the acquisi- 
tion of objects is balanced by the planned 
deaccession or disposal of others. 

Such an activity is at odds with the fusty 
image of a museum asa place where items are 
preserved in display cases or kept in storage. 
However, the disposal of materials demands 
care: whether justifiable or not, it is often 
highly controversial and can devastate an 
institution’s image. From small civic archives 
to the vast Prado in Madrid, museums are the 
repositories of our collective past and iden- 
tity, and that makes any broad discussion of 
disposal problematic. 


Careful accession NATURE.COM 
and deaccession poli- For more on 
cies are becoming _ universitymuseums: 
increasingly important — go.iiafilre.com/mu92rw 
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elements of museum management, whether 
local, regional or national — particularly in 
the current climate of reduced funding. In 
Italy, these policies are crucial. The country 
harbours 47 World Heritage sites, more than 
any other nation, and is home to 4,000 pub- 
licly registered museums, including some 
of the most important art collections in the 
world. But funds are shrinking, to the point 
at which the existence of some museums, and 
some of the country’s most famous works, 
hangs in the balance. For example, in June 
it was discovered that Raphael's masterpiece 
The Marriage of the Virgin was endangered 
by water seeping through the walls of the 
Brera Art Gallery in Milan, owing to a lack of 
routine maintenance. 

Yet strategic disposals, including long-term 
or even indefinite loans of museum pieces, are 
not being seriously considered by museums 
worldwide as a way to cope with the costs of 
maintaining full public collections. Museum 
authorities in Italy, as in many other coun- 
tries, have elected to adopt such measures as 
reduced visiting hours rather than consider 
the disposal of selected holdings publicly and 
openly — perhaps fearing a public backlash. 
This is not, of course, to suggest that museums 
should sell holdings simply to cover the costs 
of routine maintenance; but it may be neces- 
sary for some to be realistic and open about 
the size of their holdings and the number of 
pieces that can be successfully exhibited. 

To achieve a balanced ebb and flow of 
pieces in museum collections, the phases of 
accession and disposal need to be carefully 
evaluated and managed. Traditionally, cura- 
tors tended not to limit the inflow of items — 
in some cases coming to resemble compulsive 
hoarders. Today it is common for curators, 
applying narrower and more demanding 
criteria in their selection of accessions, to 
refuse 90% of the offers made. 

Although most donations may be turned 
down without damaging the public percep- 
tion of a museum, disposal of materials that 
are already held is a different matter. In the 
United Kingdom in 2009-10, for instance, 
public outcry halted Southampton City 
Council's attempt to sell works by sculp- 
tor Auguste Rodin and British artist Alfred 
Munnings in order to raise money for anew 
museum dedicated to the RMS Titanic. Com- 
peting resources, and debates over the relative 
significance of pieces or collections, form just 
part of the criteria for deaccession. The views 
of museum audiences need to be factored in. 

Debates over deaccession and disposal 
should be conducted transparently, accom- 
panied by a clear public explanation and 
rationale, and should involve the views of all 
stakeholders — from museum staff to local 
authorities and concerned individuals. This 
way, the public’s sense of ownership of prized 
local collections can be honoured. 

In the 1980s and early 1990s, Canadas > 


Books in brief 


In the Field, Among the Feathered: A History of Birders 

and Their Guides 

Thomas R. Dunlap OXFORD UNIVERSITY PRESS 256 pp. $34.95 (2011) 
Birdwatching may be an amateur science, but it retains close links 
to ornithology and conservation. In the century since twitching 
emerged as a suburban hobby, the one constant has been the field 
guide. Historian and birder Thomas Dunlap trains his binoculars on 
its evolution in the United States. His meticulous chronicle reveals 
how the collective urge to spot Nashville warblers or bald eagles 
ultimately jump-started the US eco-movement, and why the hobby 
is one of the great unfolding stories of crowd-sourced nature study. 


People Will Talk: The Surprising Science of Reputation 

John Whitfield WILEY 272 pp. £17.99 (2011) 

Reputation is central to our lives, says science writer John Whitfield, 
yet we are not entirely aware of it. He draws on philosophy, sociology, 
economics and animal-behaviour experiments to punch through 
the surface of this powerful and perplexing phenomenon. At base, 
he finds, it rests on how we trust others and how we persuade others 
to trust us. An individual’s concern for his or her reputation can be a 
fulcrum that tips them towards either brutal or altruistic behaviour 
—so ultimately, says Whitfield, the way in which society uses 
reputation determines whether that society thrives or fails. 


Da Vinci’s Ghost: The Untold Story of the World’s 

Most Famous Drawing 

Toby Lester PROFILE/FREE PRESS 263 pp. £16.99/$26.99 (2011/2012) 
Leonardo da Vinci's Vitruvian Man — poised within a circle and a 
square — is arguably history’s most iconic image. Writer Toby Lester 
offers the absorbing story of this Renaissance rendering. Touching 

on anatomy, medicine, geography, mathematics, philosophy and 
aesthetics, he explores the idea that the body, geometry and mystic 
reality are linked. Its progenitor was Roman architect Marcus Vitruvius 
Pollio, who posited that human proportions echo the cosmos and 
should set the form for architecture and for all civilization. 


Time Travel and Warp Drives: A Scientific Guide to Shortcuts 
through Time and Space 

Allen Everett and Thomas Roman UNIVERSITY OF CHICAGO PRESS 
280 pp. $30 (2011) 

Physicist Allen Everett and mathematician Thomas Roman boldly 
go into the big speculations that lie at the root of ‘frontier science’, 
such as time travel. Through clear explanations and judiciously 
deployed basic algebra, they lay out the science behind the weirder 
possibilities offered by the characteristics of space-time. Travelling 
backwards in time, for instance, can be linked theoretically to 
moving faster than the speed of light. Warp bubbles, anyone? 


Panda: Back from the Brink 

Zhou Mengqi SARABAND 192 pp. £25 (2011) 

The one-note diet, monochrome markings and long association 
with fertility treatments in captivity lend the giant panda an unreal 
air. But these animals are resilient: against all the odds, they total an 
estimated 2,000 individuals. This tribute to the beauty of the beast 
is informed by leading conservationists, but centres on stunning 
shots by photographer Zhou Menggi. Backed by advice from panda 
experts Zhang Zhihe, Zhang Hemin and Hu Jinchu, Menggqi tracked 
his elusive subjects through the mountains of Sichuan for years. 
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> Glenbow Museum in Calgary, Alberta, 
successfully used such a process to transfer or 
sell around 30,000 inherited objects that were 
no longer relevant to its mission. This large- 
scale, strategic disposal of objects, including 
texts and ethnological and military-history 
collections, allowed the museum to sharpen 
its focus and release resources for other core 
sections. Importantly, the move was recog- 
nized as valid by the public. The distribu- 
tion of pieces also boosted the value of the 
collections they joined. 


Deaccession is never simple, and is not 
to be undertaken lightly. Hastily conceived 
action could mean big losses for future 
generations. But meticulously planned 
disposals for the right reasons are preferable 
to the disposal of an entire collection, as has 
happened in the past. 

Happily, such disposals may not be the 
final curtain in every case. Spallanzani’s great 
museum in Pavia may have a future. The col- 
lection — a once-cherished jewel of our city 
and country that has lain dormant for more 


than 70 years — was only disbanded, not 
permanently disposed of. We, at the Univer- 
sity of Pavia, are about to begin the process 
of reconstituting a great part of the original 
collection for eventual display here, to grant a 
future to a vital window onto the past. m 


Paolo Mazzarello is director of the 
University History Museum and head of the 
University Museums System, University of 
Pavia, Italy. 

e-mail: paolo.mazzarello@unipv.it 


CHEMISTRY 


An elemental heroine 


An opera on the astonishing life of Marie Curie enthralls 
Stefan Michalowski and Georgia Smith. 


arie Curie’s life seems to be ready- 
M made for grand opera: the brilliant 

heroine who overcomes poverty 
and prejudice to marry her soulmate and 
work with him as an equal, winning a Nobel 
prize. Then, the tragedy of her husband’s 
accidental death, the scandal of her affair 
with a married colleague, a second Nobel, 
heroic war work and her own sad death 
caused by years of exposure to radiation. 
Now it is indeed an opera: Polish composer 
Elzbieta Sikora’s Madame Curie premiered in 
Paris on 15 November, and was performed in 
Gdansk, Poland, on 23-26 November. 

Director Marek Weiss brought a full 
orchestra, cast and chorus from the Baltic 
Opera of Gdansk to the headquarters of the 
United Nations Educational, Scientific and 
Cultural Organization (UNESCO) in Paris 
for the opening, as part of the International 
Year of Chemistry. 

Sikora’s work has been widely performed 
in contemporary-music venues. She has writ- 
ten large choral pieces, but her two previous 
operas are on a smaller scale than Madame 
Curie, which has a big, ambitious score that 
is as precisely wrought as a chamber work. 
The music is atonal, but is full of attractive 
melodic structures. 

Intriguing orchestral textures are 
seamlessly integrated with pre-recorded 
electro-acoustic segments, which Sikora 
created in collaboration with Argentinian 
composer Diego Losa. Conductor Wojciech 
Michniewski elicited a fine performance 
from the orchestra and chorus in Paris. The 
cast of fresh-voiced young singers acquitted 
themselves well, particularly soprano Anna 
Mikotajczyk as Marie. 

The opera does not delve into Curie’s 
scientific discoveries, nor does it try to depict 


a te. tm 


Soprano Anna Mikotajczyk as Marie Curie. 


the excitement that gripped the research com- 
munity during the birth of subatomic physics 
in the early 1900s. Sikora said in a pre-show 
interview that she “was looking for a strong 
woman character’, and although the stage 
set is the Curies’ rudimentary laboratory, it is 
Marie as a heroic woman that we see, rather 
than Marie as a brilliant scientific mind. 

As the opera opens, she enters in her 
nightgown, reading a letter from the Swed- 
ish Academy that asks her not to come to 
Stockholm to accept her second Nobel prize 
because of the public scandal about her affair 
with physicist Paul Langevin. The rest of the 
opera is a succession of scenes from her life, 
presented with little 
or no visual demarca- 
tion. Weiss explained 
in an interview that he 


Madame Curie 
COMPOSED BY 
ELZBIETA SIKORA; 


LIBRETTO BY AGATA eas dth 
Nii ASZEWSICK envisioned the opera 
UNESCO Headquarters, 884 dream that Marie 


Paris. has after receiving 
15 November 2011. the letter. This didn’t 
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come across clearly on stage, however, and 
at first the plot was confusing. But once the 
spectator gets used to the impressionist- 
fantasy narrative style, it works. 

Weiss has created several beautifully effec- 
tive scenes, notably Marie’ grief after Pierre's 
death, a comic duel over the Langevin affair, 
and scenes in which the chorus plays a fickle 
public vacillating between idolizing Curie 
and despising her. The finale is particularly 
powerful: as the orchestra builds a stunning 
crescendo, Marie hobbles from the stage 
supporting the lifeless body of a dancer who 
has been her symbolic double throughout. 

The music for the voices spans the spec- 
trum from intense lyricism to plain speech. 


Marie’s aria lamenting Pierre's death, mov- ? 


ingly performed by Mikolajczyk, is a strik- 
ing combination of late-Romantic aesthetic 
articulated through the idiom of contem- 
porary music. Sikora has a flair for the sud- 
den quiet of instrumental solos: one dance 
sequence is accompanied only by a long, 
ravishing clarinet solo. More such moments 
might be welcome in what is otherwise a 
relentless pattern of repeated, hard-hitting 
climaxes in both drama and music. 

There is one serious disappointment in the 
way this story is told. Directly after the over- 
ture, an aged man resembling Albert Einstein 
appears to Marie. He warns her that devastat- 
ing consequences could result from her work, 
and urges her to stop. A video projection of a 
mushroom cloud rams home the point. 

Marie shakes off this vision, insisting on the 
necessity of pursuing the truth. But associat- 
ing Curie with nuclear weapons is untenable 
— the relevant discoveries were made shortly 
before and after her death. Attributing the 
ethical choices of later scientists to her makes 
no more sense than the dismissive sexism she 
endured during her lifetime. m 


Stefan Michalowski is a former particle 
physicist, and executive secretary of the 
OECD Global Science Forum in Paris. 
Georgia Smith is a freelance journalist 
based in Paris. 

e-mails: stefanm@noos.fr; georgias@noos.fr 
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elements of museum management, whether 
local, regional or national — particularly in 
the current climate of reduced funding. In 
Italy, these policies are crucial. The country 
harbours 47 World Heritage sites, more than 
any other nation, and is home to 4,000 pub- 
licly registered museums, including some 
of the most important art collections in the 
world. But funds are shrinking, to the point 
at which the existence of some museums, and 
some of the country’s most famous works, 
hangs in the balance. For example, in June 
it was discovered that Raphael's masterpiece 
The Marriage of the Virgin was endangered 
by water seeping through the walls of the 
Brera Art Gallery in Milan, owing to a lack of 
routine maintenance. 

Yet strategic disposals, including long-term 
or even indefinite loans of museum pieces, are 
not being seriously considered by museums 
worldwide as a way to cope with the costs of 
maintaining full public collections. Museum 
authorities in Italy, as in many other coun- 
tries, have elected to adopt such measures as 
reduced visiting hours rather than consider 
the disposal of selected holdings publicly and 
openly — perhaps fearing a public backlash. 
This is not, of course, to suggest that museums 
should sell holdings simply to cover the costs 
of routine maintenance; but it may be neces- 
sary for some to be realistic and open about 
the size of their holdings and the number of 
pieces that can be successfully exhibited. 

To achieve a balanced ebb and flow of 
pieces in museum collections, the phases of 
accession and disposal need to be carefully 
evaluated and managed. Traditionally, cura- 
tors tended not to limit the inflow of items — 
in some cases coming to resemble compulsive 
hoarders. Today it is common for curators, 
applying narrower and more demanding 
criteria in their selection of accessions, to 
refuse 90% of the offers made. 

Although most donations may be turned 
down without damaging the public percep- 
tion of a museum, disposal of materials that 
are already held is a different matter. In the 
United Kingdom in 2009-10, for instance, 
public outcry halted Southampton City 
Council's attempt to sell works by sculp- 
tor Auguste Rodin and British artist Alfred 
Munnings in order to raise money for anew 
museum dedicated to the RMS Titanic. Com- 
peting resources, and debates over the relative 
significance of pieces or collections, form just 
part of the criteria for deaccession. The views 
of museum audiences need to be factored in. 

Debates over deaccession and disposal 
should be conducted transparently, accom- 
panied by a clear public explanation and 
rationale, and should involve the views of all 
stakeholders — from museum staff to local 
authorities and concerned individuals. This 
way, the public’s sense of ownership of prized 
local collections can be honoured. 

In the 1980s and early 1990s, Canadas > 


Books in brief 


In the Field, Among the Feathered: A History of Birders 

and Their Guides 

Thomas R. Dunlap OXFORD UNIVERSITY PRESS 256 pp. $34.95 (2011) 
Birdwatching may be an amateur science, but it retains close links 
to ornithology and conservation. In the century since twitching 
emerged as a suburban hobby, the one constant has been the field 
guide. Historian and birder Thomas Dunlap trains his binoculars on 
its evolution in the United States. His meticulous chronicle reveals 
how the collective urge to spot Nashville warblers or bald eagles 
ultimately jump-started the US eco-movement, and why the hobby 
is one of the great unfolding stories of crowd-sourced nature study. 


People Will Talk: The Surprising Science of Reputation 

John Whitfield WILEY 272 pp. £17.99 (2011) 

Reputation is central to our lives, says science writer John Whitfield, 
yet we are not entirely aware of it. He draws on philosophy, sociology, 
economics and animal-behaviour experiments to punch through 
the surface of this powerful and perplexing phenomenon. At base, 
he finds, it rests on how we trust others and how we persuade others 
to trust us. An individual’s concern for his or her reputation can be a 
fulcrum that tips them towards either brutal or altruistic behaviour 
—so ultimately, says Whitfield, the way in which society uses 
reputation determines whether that society thrives or fails. 


Da Vinci’s Ghost: The Untold Story of the World’s 

Most Famous Drawing 

Toby Lester PROFILE/FREE PRESS 263 pp. £16.99/$26.99 (2011/2012) 
Leonardo da Vinci's Vitruvian Man — poised within a circle and a 
square — is arguably history’s most iconic image. Writer Toby Lester 
offers the absorbing story of this Renaissance rendering. Touching 

on anatomy, medicine, geography, mathematics, philosophy and 
aesthetics, he explores the idea that the body, geometry and mystic 
reality are linked. Its progenitor was Roman architect Marcus Vitruvius 
Pollio, who posited that human proportions echo the cosmos and 
should set the form for architecture and for all civilization. 


Time Travel and Warp Drives: A Scientific Guide to Shortcuts 
through Time and Space 

Allen Everett and Thomas Roman UNIVERSITY OF CHICAGO PRESS 
280 pp. $30 (2011) 

Physicist Allen Everett and mathematician Thomas Roman boldly 
go into the big speculations that lie at the root of ‘frontier science’, 
such as time travel. Through clear explanations and judiciously 
deployed basic algebra, they lay out the science behind the weirder 
possibilities offered by the characteristics of space-time. Travelling 
backwards in time, for instance, can be linked theoretically to 
moving faster than the speed of light. Warp bubbles, anyone? 


Panda: Back from the Brink 

Zhou Mengqi SARABAND 192 pp. £25 (2011) 

The one-note diet, monochrome markings and long association 
with fertility treatments in captivity lend the giant panda an unreal 
air. But these animals are resilient: against all the odds, they total an 
estimated 2,000 individuals. This tribute to the beauty of the beast 
is informed by leading conservationists, but centres on stunning 
shots by photographer Zhou Menggi. Backed by advice from panda 
experts Zhang Zhihe, Zhang Hemin and Hu Jinchu, Menggqi tracked 
his elusive subjects through the mountains of Sichuan for years. 
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> Glenbow Museum in Calgary, Alberta, 
successfully used such a process to transfer or 
sell around 30,000 inherited objects that were 
no longer relevant to its mission. This large- 
scale, strategic disposal of objects, including 
texts and ethnological and military-history 
collections, allowed the museum to sharpen 
its focus and release resources for other core 
sections. Importantly, the move was recog- 
nized as valid by the public. The distribu- 
tion of pieces also boosted the value of the 
collections they joined. 


Deaccession is never simple, and is not 
to be undertaken lightly. Hastily conceived 
action could mean big losses for future 
generations. But meticulously planned 
disposals for the right reasons are preferable 
to the disposal of an entire collection, as has 
happened in the past. 

Happily, such disposals may not be the 
final curtain in every case. Spallanzani’s great 
museum in Pavia may have a future. The col- 
lection — a once-cherished jewel of our city 
and country that has lain dormant for more 


than 70 years — was only disbanded, not 
permanently disposed of. We, at the Univer- 
sity of Pavia, are about to begin the process 
of reconstituting a great part of the original 
collection for eventual display here, to grant a 
future to a vital window onto the past. m 


Paolo Mazzarello is director of the 
University History Museum and head of the 
University Museums System, University of 
Pavia, Italy. 

e-mail: paolo.mazzarello@unipv.it 


CHEMISTRY 


An elemental heroine 


An opera on the astonishing life of Marie Curie enthralls 
Stefan Michalowski and Georgia Smith. 


arie Curie’s life seems to be ready- 
M made for grand opera: the brilliant 

heroine who overcomes poverty 
and prejudice to marry her soulmate and 
work with him as an equal, winning a Nobel 
prize. Then, the tragedy of her husband’s 
accidental death, the scandal of her affair 
with a married colleague, a second Nobel, 
heroic war work and her own sad death 
caused by years of exposure to radiation. 
Now it is indeed an opera: Polish composer 
Elzbieta Sikora’s Madame Curie premiered in 
Paris on 15 November, and was performed in 
Gdansk, Poland, on 23-26 November. 

Director Marek Weiss brought a full 
orchestra, cast and chorus from the Baltic 
Opera of Gdansk to the headquarters of the 
United Nations Educational, Scientific and 
Cultural Organization (UNESCO) in Paris 
for the opening, as part of the International 
Year of Chemistry. 

Sikora’s work has been widely performed 
in contemporary-music venues. She has writ- 
ten large choral pieces, but her two previous 
operas are on a smaller scale than Madame 
Curie, which has a big, ambitious score that 
is as precisely wrought as a chamber work. 
The music is atonal, but is full of attractive 
melodic structures. 

Intriguing orchestral textures are 
seamlessly integrated with pre-recorded 
electro-acoustic segments, which Sikora 
created in collaboration with Argentinian 
composer Diego Losa. Conductor Wojciech 
Michniewski elicited a fine performance 
from the orchestra and chorus in Paris. The 
cast of fresh-voiced young singers acquitted 
themselves well, particularly soprano Anna 
Mikotajczyk as Marie. 

The opera does not delve into Curie’s 
scientific discoveries, nor does it try to depict 


a te. tm 


Soprano Anna Mikotajczyk as Marie Curie. 


the excitement that gripped the research com- 
munity during the birth of subatomic physics 
in the early 1900s. Sikora said in a pre-show 
interview that she “was looking for a strong 
woman character’, and although the stage 
set is the Curies’ rudimentary laboratory, it is 
Marie as a heroic woman that we see, rather 
than Marie as a brilliant scientific mind. 

As the opera opens, she enters in her 
nightgown, reading a letter from the Swed- 
ish Academy that asks her not to come to 
Stockholm to accept her second Nobel prize 
because of the public scandal about her affair 
with physicist Paul Langevin. The rest of the 
opera is a succession of scenes from her life, 
presented with little 
or no visual demarca- 
tion. Weiss explained 
in an interview that he 


Madame Curie 
COMPOSED BY 
ELZBIETA SIKORA; 


LIBRETTO BY AGATA eas dth 
Nii ASZEWSICK envisioned the opera 
UNESCO Headquarters, 884 dream that Marie 


Paris. has after receiving 
15 November 2011. the letter. This didn’t 
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come across clearly on stage, however, and 
at first the plot was confusing. But once the 
spectator gets used to the impressionist- 
fantasy narrative style, it works. 

Weiss has created several beautifully effec- 
tive scenes, notably Marie’ grief after Pierre's 
death, a comic duel over the Langevin affair, 
and scenes in which the chorus plays a fickle 
public vacillating between idolizing Curie 
and despising her. The finale is particularly 
powerful: as the orchestra builds a stunning 
crescendo, Marie hobbles from the stage 
supporting the lifeless body of a dancer who 
has been her symbolic double throughout. 

The music for the voices spans the spec- 
trum from intense lyricism to plain speech. 


Marie’s aria lamenting Pierre's death, mov- ? 


ingly performed by Mikolajczyk, is a strik- 
ing combination of late-Romantic aesthetic 
articulated through the idiom of contem- 
porary music. Sikora has a flair for the sud- 
den quiet of instrumental solos: one dance 
sequence is accompanied only by a long, 
ravishing clarinet solo. More such moments 
might be welcome in what is otherwise a 
relentless pattern of repeated, hard-hitting 
climaxes in both drama and music. 

There is one serious disappointment in the 
way this story is told. Directly after the over- 
ture, an aged man resembling Albert Einstein 
appears to Marie. He warns her that devastat- 
ing consequences could result from her work, 
and urges her to stop. A video projection of a 
mushroom cloud rams home the point. 

Marie shakes off this vision, insisting on the 
necessity of pursuing the truth. But associat- 
ing Curie with nuclear weapons is untenable 
— the relevant discoveries were made shortly 
before and after her death. Attributing the 
ethical choices of later scientists to her makes 
no more sense than the dismissive sexism she 
endured during her lifetime. m 


Stefan Michalowski is a former particle 
physicist, and executive secretary of the 
OECD Global Science Forum in Paris. 
Georgia Smith is a freelance journalist 
based in Paris. 

e-mails: stefanm@noos.fr; georgias@noos.fr 
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Arab science to turn 
spring into summer 


For Arab scientists, the social 
revolution of the past year 
could be the light at the end ofa 
long tunnel of hopelessness. To 
transform this optimistic mood 
into action, we must consider 
what we need to do to integrate 
science and technology into 
post-revolution development 
models, and what we can 
realistically accomplish. 

The issue of governance is 
high on the agenda: it should be 
rooted in democracy and merit 
from now on. Innovative national 
systems are needed that reject 
trade-offs between educational 
reform and investment in 
education, research and design. 

It is important that new science 
and technology development 
models are adapted to the 
socioeconomic environment 
and resist the temptation to enter 
into blind competition with 
developed countries. 

Because scientific expertise will 
be needed to inspire these plans, it 
is imperative that models include 
strategies to reverse the scientific 
diaspora and to prevent the brain 
drain from Arab countries. 

M. Dahmani Fathallah Arabian 
Gulf University, Bahrain; and 
Arab Policy Institute, Tunisia. 
d.fathallah@agu.edu.bh 


Climate results for 
public vetting 


Your discussion of the media’s 
interest in the Berkeley Earth 
Surface Temperature (BEST) 
study — which released its results 
before peer review — implicitly 
acknowledges a change in the 
public authorization of scientific 
knowledge (Nature 478, 428; 
2011). Yet few scientists would 
accept your branding of them as 
“purist” or “renegade” for their 
stance on the study’s approach. 

BEST members seek to 
promote a progressive image of 
science in a demanding, open and 
transparent society. Stimulated 
by an erosion of public trust 


in science, the publication of 
research before peer review aims 
to satisfy calls for greater public 
engagement with science. 

Peer review after publication 
wont just confirm, adjust or 
correct the BEST results: it 
will demarcate soberly vetted 
scientific knowledge from the 
sometimes glib inferences an 
emotionally charged public 
makes through ‘unruly’ media 
that do not always report as 
scientists might want them to. 

The progressive publication 
strategy of the BEST study 
exemplifies the emergence of 
a double-truth approach to 
the authorization of scientific 
knowledge on climate change. 
Mathis Hampel, Martin 
Mahony, Mike Hulme University 
of East Anglia, Norwich, UK. 
mathis.hampel@gmail.com 


Control the bonanza 
for research eggs 


The demand for women’s 
eggs for research could soar 
alarmingly following news of 
a cloning technique that uses 
human oocytes to reprogram 
somatic cells to a state of 
pluripotency (S. Noggle et al. 
Nature 478, 70-75; 2011). 

The mean number of eggs 
given by each woman during the 
study was 16.9, with one donating 
26 eggs. This is more than many 
fertility doctors would consider 
optimal and increases the risk 
of ovarian hyperstimulation 
syndrome. The researchers do 
not say that they halted hormone 
treatment in cases of over- 
response, although they did stop 
it in under-responsive women. 

Noggle et al. rightly anticipated 
concerns that payment for eggs 
could encourage financially 
disadvantaged women to take 
risks they might otherwise avoid. 
But US$8,000, the amount paid by 
Noggle and colleagues, would be a 
temptation even to the well-off in 
these difficult economic times. 

Some argue that women should 
evaluate for themselves the risks 
and benefits of providing eggs for 


research. But informed consent 
depends on provision of accurate 
information. Even after years 

of egg harvesting for fertility 
treatment, the risks to women 

— especially from some of the 
drugs and hormones used — 
remain undercharacterized and 
poorly assessed, with inadequate 
follow-up and data collection. 
Marcy Darnovsky Center for 
Genetics and Society, Berkeley, 
California, USA. mdarnovsky@ 
geneticsandsociety.org 

Susan Berke Fogel Pro-Choice 
Alliance for Responsible Research, 
Van Nuys, California, USA. 
Judy Norsigian Our Bodies 
Ourselves, Cambridge, 
Massachusetts, USA. 


Food security: a role 
for Europe 


The European Union (EU) 

could contribute considerably 

to sustainable global food 
security because of its wealth of 
productive farmland (J. A. Foley 
et al. Nature 478, 337-342; 2011). 
Both production growth and 
increased sustainability therefore 
need to be at the heart of the 
Common Agricultural Policy. 

As one of the largest global 
importers and exporters of food, 
the EU has significant leverage 
in, and responsibility for, the 
global food and nutrition agenda. 
Although the biggest impact on 
global food security will result 
from increased production in 
developing countries, the EU must 
play its part. It needs to protect 
and maintain its agricultural lands 
and increase food production. 

This will mean producing 
more food with fewer resources, 
while minimizing environmental 
impacts at multiple spatial 
and temporal scales (called 
‘sustainable intensificatior). 
Biotechnology will have a role 
in global food security, but it is 
unlikely to be the main solution. 
New approaches to managing 
farming systems and agricultural 
landscapes in an environmentally 
sensitive way could instead be 
more productive. 


We therefore welcome 

the European Commission's 
proposals to increase the budget 
for agricultural research and 
innovation that is targeted 

at productive and ecological 
systems. 

Tim Benton University of Leeds, 
UK. t.g. benton@leeds.ac.uk 
Tibor Hartel Ovidius University 
of Constanta, Romania. 

Josef Settele Helmholtz Centre 
for Environmental Research — 
UFZ, Halle, Germany. 

On behalf of the other 6 authors of 
the Warsaw Consensus Statement 
(see go.nature.com/jzuytm). 


Food security: close 
crop yield gap 


Crop yields are rising more 
slowly than they were several 
decades ago (J. A. Foley et al. 
Nature 478, 337-342; 2011). This 
is especially evident in Europe, 
and has serious implications for 
its responsibilities in global food 
production. 

In Denmark, France, Finland 
and Switzerland (see, for 
example, R. Finger Food Policy 
35, 175-182; 2010), the ‘yield gap 
has increased: the rate of growth 
in crop yields has declined, even 
though yield potential has risen 
over the past few decades owing 
to technological advances such as 
crop breeding. 

Markets are one contributory 
factor: lower prices caused 
by reduced market support 
have decreased the incentive 
for investment in equipment, 
fertilizer, and so on. Also, by 
restricting the use of pesticides, 
for example, agricultural policies 
aimed at reducing environmental 
damage have hindered growth in 
crop yields. 

Closing these yield gaps will 
ensure sufficient global food 
production and help towards 
food security. More incentives 
are needed, particularly as 
low-income countries are also 
confronted by sizeable yield gaps, 
for different reasons. 

Robert Finger ETH Zurich, 
Switzerland. rofinger@ethz.ch 
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OBITUARY 


John McCarthy 


(1927-2011) 


The scientist who set computers on the path to common sense. 


the Rockefeller Foundation with a request 
to fund “a 2 month, 10 man study of 

artificial intelligence” to be carried out at 
Dartmouth College in New Hampshire. 
This was the earliest use of the term ‘artificial 
intelligence, which was coined by one of the 
proposers — John McCarthy, then an assis- 
tant professor of mathematics at Dartmouth. 

McCarthy was born in 1927 in Boston, 
Massachusetts, to an Irish immigrant father 
and a Lithuanian Jewish immigrant mother. 
When he was accepted into the California 
Institute of Technology in Pasadena at the age 
of 16, McCarthy was able to skip the first two 
years of mathematics because he had taught 
himself calculus from textbooks. He received 
a PhD in mathematics from Princeton 
University and, after a few other short 
appointments, became a full professor at 
Stanford University in California in 1962. 

Computer scientists will remember 
McCarthy as the creator of LISP, one of 
the oldest programming languages still 
in wide use today, and as the inventor of 
time-sharing technology — the sharing ofa 
computing resource among many users. 

But his most notable contributions were 
in artificial intelligence. McCarthy’s long- 
term goal was to design a computer program 
that could derive logical consequences from 
anything it was told, in combination with its 
previous knowledge, and act on the basis of 
its conclusions — a property, he observed, 
that is similar to “what makes us describe 
certain humans as having common sense’. 
This research programme was described 
in his 1959 symposium paper ‘Programs 
with common sense, often referred to as the 
‘advice-taker’ paper, after McCarthy's name 
for the proposed computer program. 

The advice-taker paper quickly became 
one of the most 


lE 1955, a group of scientists approached 


influential pub- “McCarthy, 
lications in the theconsumate 
field. The origins independent 
ofseveralbranches thinker, never 
of artificial intel- shied away from 
ligence can be speaking his 
traced back to it. mind.” 


One of these 
branches is ‘automated planning, which 
aims to generate a strategy that would allow 
an agent, such as a robot or an unmanned 
vehicle, to achieve a given goal. In the advice- 
taker paper, McCarthy gives the example of 
being seated at a desk at home, where one 


has a car, and wishing to go to the airport. 
His common-sense computer program, he 
posited, should be able to find a simple two- 
step solution: walk to the car and drive to the 
airport. This was the first published example 
of an automated planning problem. 
Another sub-area that finds its roots in 
McCarthy’s early work is that of ‘knowledge 
representation’: the concept of coding knowl- 
edge in formal notation so that computer 
programs can easily make inferences from 


it. McCarthy's program, for example, would 
need some knowledge about the distance 
from home to the airport, to infer that this 
distance is too far to walk. This differs from 
most elements of a traditional computer pro- 
gram, which are imperative statements such 
as: ‘increase the value ofa variable, N, by one. 
The advice-taker paper instead stresses the 
role of declarative sentences. 

One of McCarthy's breakthroughs was his 
theory of circumscription: a mathematical 
theory of exceptions to general statements. 
McCarthy realized that the general asser- 
tions we make in everyday life are true only 
in typical cases, and allow for occasional 
exceptions: as in the statement “I always eat 
lunch at noon’, for example. In mathematics, 
however, ‘always’ means literally no excep- 
tions. McCarthy’s theory allowed a com- 
puter program to presume that things are as 
expected in the absence of information to 
the contrary, and to retract its conclusions 
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when it learns about exceptions. This is 
known as non-monotonic reasoning. 

My collaboration with McCarthy began 
in 1984, when I learned about his work on 
circumscription and was fascinated by its 
beauty and intellectual depth. Like dozens 
of other scientists, I often spent long hours 
thinking about research problems that he 
posed. These always touched on fundamen- 
tal questions of intelligence and often used 
interesting examples. One familiar logician’s 
example involves a group of missionaries and 
cannibals aiming to cross a river, given only 
a small boat and the problem that the can- 
nibals might eat the missionaries if the latter 
are outnumbered. McCarthy wondered how 
a computer should deal with variations on 
the traditional formulation: what if one of the 
missionaries is Jesus Christ, who can cross 
the river without a boat? What if three mis- 
sionaries alone with a cannibal can convert 
him into a missionary? 

Progress towards programs with com- 
mon sense was at first painfully slow. 
Efficient implementations of non-monot- 
onic reasoning only became available about 
ten years ago and are applied in many areas, 
including the control of spacecraft. But the 
full realization of McCarthy’s dream is still 
far in the future. 

McCarthy’s parents, whom he never 
ceased to love and admire, were members 
of the Communist Party, and in 1949 he 
too joined the party. But he broke away 
from these doctrines a few years later after 
he subjected them to rational analysis, and 
became a conservative. The sustainability of 
human material progress and the desirability 
of nuclear power were ideas particularly dear 
to his heart. He opposed affirmative-action 
policies that led to reverse discrimination, 
and did not hide his disdain for the sort 
of political correctness that uses the pro- 
noun ‘she’ when the gender of a person is 
irrelevant. 

In academia, liberals far outnumber 
conservatives, and it is understandable 
that many conservative professors prefer 
to keep their political views to themselves. 
McCarthy, the consummate independent 
thinker, never shied away from speaking his 
mind, both in science and in politics. m 


Vladimir Lifschitz is professor of computer 
science at the University of Texas at Austin, 
Texas 78712, USA. 

e-mail: vl@cs.utexas.edu 


R. RESSMEYER/CORBIS 


S. GSCHMEISSNER/SPL 


THE DEEPEST 
DIFFERENCES 


To understand biological heterogeneity, researchers are learning 
how to profile the molecular contents of individual cells. 


Studies are uncovering the molecular biology of individual tumour cells, such as this breast-cancer cell, seen in a coloured scanning electron micrograph. 


BY CHARLOTTE SCHUBERT 


penchant for invention, helped to pioneer 

a technique that is now routine. In the early 
1990s, he sucked the contents out of a single 
cell with a pipette, and examined the expres- 
sion of a handful of genes using molecular 
techniques that amplify RNA. His data veri- 
fied a long-held assumption — that electrical 
activity in a neuron simultaneously changes 
the abundance of multiple RNAs inside it’. 
But other researchers were sceptical. At the 
time, just about the only way to detect RNA in 


Jens Eberwine, a neuroscientist with a 


a single cell was by labelling molecules using 
fluorescence in situ hybridization. “People 
were used to using microscopy to look at 
RNA; they wanted to see it,” says Eberwine, 
who works at the University of Pennsylvania 
in Philadelphia. 

Things have changed since then. Gene- 
expression analyses leaped forward in the mid- 
1990s with the invention of the microarray. And 
the rise of high-throughput RNA sequencing, 
or RNA-seq, which spits out the sequences of 
thousands of cellular RNAs at once, has enabled 
researchers to reveal the collection of active 
genes ina cell ina single readout. 


Eberwine and others are using sequencing, 
and techniques such as microfluidics and flow 
cytometry, to profile single cells — cataloguing 
RNA molecules, sequencing DNA and even 
profiling metabolites and peptides. 

Studies indicate how strongly cells can show 
their individuality. Brain cells may express as 
few as 65% of the same genes as their neigh- 
bours, according to an unpublished analysis by 
Eberwine. In the immune system, cells placed 
in the same category on the basis of surface 
markers can express different sets of genes, and 
have different responses to vaccines’. And as 
tumour cells evolve, their genomes quickly 
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> become twisted in unusual ways. 

Single-cell techniques let researchers track 
and catalogue this heterogeneity. They may 
be the only way to get at some fundamental 
questions, such as what makes individual 
cells different biochemically and function- 
ally. How much is each cell influenced by its 
microenvironment, and what is the role of 
stochasticity — random ‘noise’ in the behav- 
iour of cellular molecules? 

These questions are getting more attention 
(see page 139). In 2009, Eberwine co-organ- 
ized a meeting on single-cell analysis at Cold 
Spring Harbor Laboratory in New York, along 
with Sunney Xie, a single-cell biochemist at 
Harvard University in Cambridge, Massachu- 
setts. The meeting drew 47 attendees. This July, 
120 people went to the second such meeting. 
And the US National Institutes of Health (NIH) 
has launched an initiative to support single-cell 
techniques (see “The NIH gets singular). 

But single-cell analysis is still an emerging 
field. Many researchers say that protocols from 
academic labs are often superior to commercial 
kits. “With any nascent field, there are lots of 
different approaches,” says Eberwine. “People 
are trying lots of things to see if they can make 
the techniques more sensitive, more represent- 
ative of the state of a cell, easier and cheaper?’ 


PROFILING HETEROGENEITY 

The classic biochemical approach is limited, 
say single-cell researchers. Grinding up and 
analysing the contents of large pools of cells 
— a procedure undertaken in thousands of 
labs every day — averages out the results, says 
Timm Schroeder, director of the Institute of 
Stem Cell Research at the German Center for 
Environmental Health in Munich. But, says 
Schroeder, “it’s the individual cell that makes 
a decision” such as whether to fire an electrical 
impulse, migrate or differentiate into a new 
cell type. 

Looking at single cells to uncover the impetus 
for such decisions means doing fussy experi- 
ments ona very small object: a cell might span 
about 10 micrometres and contain less than 1 


Studies can probe single cells, such as those in the 
mouse embryo that give rise to gametes (green). 


picolitre (1 x 10°“ litres) of cytoplasm. And 
some key regulatory molecules are scarce — 
just a few, hard-to-detect RNAs can exert a big 
effect on a cell. 

Many established techniques are only now 
being applied to single cells. Fluorescent tag- 
ging and microscopy can be used to analyse 
molecules that have already been charac- 
terized. To profile previously unexamined 
molecules, there is transcriptome analysis — 
cataloguing the set of RNAs expressed in a cell 
— as well as high-throughput methods based. 
on microfluidics or flow cytometry. But getting 
such techniques to work on single cells is not 
easy, says Schroeder, whose research involves 
long-term imaging of individual bone-marrow 
cells. Single-cell applications are, he says, “at 
least one level more demanding and complex 
than the conventional approaches”. 

And the unexplored biological terrain is 
vast. “We don’t even know what we are getting 
into in terms of heterogeneity,” says Sherman 
Weissman, a geneticist at Yale University in 
New Haven, Connecticut. 

Whatever the study, the first step is generally 
getting hold of the cells. When Eberwine first 
struggled with studying gene expression in a 
neuron 20 years ago, it was difficult even to get 


The NIH gets singular 


The challenges of single-cell analysis have 
caught the attention of the US National 
Institutes of Health (NIH). The agency has 
launched a programme to fund advances 
in single-cell research, with a budget of 
around US$90 million over five years 
from the NIH Common Fund, which 
backs science that crosses disciplines. 
Grant applications are due early next 
year, and the NIH expects to make the 
first awards by September 2012, says 
Andrea Beckel-Mitchener, a programme 
officer at the NIH campus in Bethesda, 


Maryland. The programme will fund 

new techniques in areas ranging from 
microscopy to biochemistry, and foster 
their commercialization. The NIH also sees 
a big need for tools to examine cells in their 
natural environment. 

Many of the techniques need an extra 
push. “It’s still really difficult for individual 
labs to move into that area; the group of 
researchers who work on this is still highly 
specialized,” says Beckel-Mitchener. “If you 
want to reach the next level you really have 
to push the envelope.” ©.8. 


SINGLE-CELL ANALYSIS Supteite Raley) 


intact RNA out ofa single cell. Eberwine solved 
the problem by capturing the material in the 
same pipette used to measure electrical activity. 
Now, researchers can use a variety of techniques 
to pick out single cells, from enzymatic diges- 
tion, which releases cells from tissues, to laser- 
capture microdissection. But it is still tricky, says 
Eberwine. “A major technical issue is how do 
you do that initial capture.’ 

Eberwine has used his pipette-capture 
system to study individual warm-sensitive 
neurons’, which regulate core body tem- 
perature and underlie fever. Together with 
Tamas Bartfai, a neuroscientist at the Scripps 
Research Institute in La Jolla, California, and 
his colleagues, Eberwine examined the cells’ 
transcriptomes. The researchers identified 
transcripts for G-protein-coupled receptors — 
potential drug targets — that went undetected 
in screens of pooled cells. 

As techniques improve, they are letting 
researchers explore the heterogeneity within 
a cell. By cutting branches, or dendrites, off 

neurons, Eberwine 


“It’s the and his colleagues 
individual cell have discovered that 
that makesa RNA in dendrites 


can retain nucleotide 
sequences that target 
the RNA to that loca- 
tion*. They could not have found such infor- 
mation by analysing the RNA of an entire 
neuron. 

Developing technology will produce even 
more fresh data. Most biologists will need to 
work closely with computational biologists to 
evaluate the huge data sets that will result from 
cataloguing thousands of molecules in numer- 
ous single-cell experiments. 


decision.” 


EXTRA-LOUD AMPLIFICATION 

Perhaps the best-known single-cell profiling 
technique is transcriptomics. Azim Surani, a 
developmental biologist at the University of 
Cambridge, UK, uses this method to examine 
cells of the early embryo, which are hard to 
study in large batches because they are so rare. 
He is tracing how, such cells turn into pluripo- 
tent embryonic stem cells in culture. 

Surani has adapted a single-cell protocol for 
the polymerase chain reaction (PCR) to work 
with RNA-seq. To do this, he has collaborated 
with technical experts such as Kaiqin Lao, a 
molecular cell biologist at Applied Biosystems 
in Foster City, California (a subsidiary of Life 
Technologies in Carlsbad). In the cells of the 
early mouse embryo, the team detected the 
expression of some 12,300 genes — 75% more 
than were detected by microarray techniques’. 
Lao says he can now get his PCR technique to 
work with 1 picogram of RNA — one-tenth the 
amount of RNA ina typical cell. 

The published protocol amplifies molecules 
only if they are no more than 3 kilobases long, 
so it misses about 40% of transcripts, says 
Lao. He and his colleagues are using different 
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UAB OREN SINGLE-CELL ANALYSIS 


enzymes to increase that; Lao can now amplify 
10-kilobase transcripts, corresponding to 
about 99% of transcription, he says. 

Another technique to amplify a cell’s RNA 
is antisense RNA (aRNA), an in vitro tran- 
scription technique from Eberwine and his 
colleagues®, in which a cell’s RNA is copied 
into a stable DNA library, with each DNA 
molecule containing 


a short sequence rec- “Every neuron 
ognized by an RNA is probably 
polymerase. The different from 
polymerase uses the ©VEry other 
DNA library tomake neuron.” 
multiple copies of the 

RNA. 


Each approach has its advantages, and its 
problems. Bias can be introduced to PCR when 
certain sequences dominate during amplifica- 
tion, so approaches based on this technique are 
less quantitative than aRNA. But aRNA is less 
efficient than PCR, and can take days, notes 
Weissman. 

Commercially available aRNA kits include 


TargetAmp from Epicentre Biotechnologies 
of Madison, Wisconsin (owned by Illumina 
of San Diego, California), and MessageAmp 
from Ambion of Austin, Texas, which is 
owned by Life Technologies. Both can work 
for single cells, says Eberwine. Companies 
such as NuGEN in San Carlos, California, 
and Sigma-Aldrich in St Louis, Missouri (in 
partnership with Rubicon Genomics of Ann 
Arbor, Michigan), have products designed for 
small amounts of RNA, and some say that their 
systems can work for single cells. It is unclear 
when Life Technologies might release a prod- 
uct based on Lao’s method, but both Eberwine 
and Lao report that their single-cell techniques 
are being used successfully in other labs. 


THE GENOME GAP 

Many researchers want to analyse not just the 
transcriptome of a cell, but the underlying 
genome. This would be particularly relevant 
for cancer cells, with their warped DNA, and 
Life Technologies is offering US$1 million to 
the first researchers to sequence the entire 


Beyond amplification 


Unlike DNA and RNA, some cellular 
molecules cannot be amplified. Very few labs 
have tried to profile proteins, metabolites 

or peptides in single cells. “The analytical 
challenges are extreme,’ says Renato Zenobi, 
a chemist at the Swiss Federal Institute of 
Technology in Zurich. 

To assess populations of proteins, some 
researchers have used fluorescent tagging. 
Sunney Xie, a single-cell biochemist 
at Harvard University in Cambridge, 
Massachusetts, for instance, has harnessed 
a microfluidic device to quantify the set of 
proteins and RNA in the Escherichia coli 
bacterium, using a fluorescent-protein 
reporter library’. 

Sherman Weissman, a geneticist at Yale 
University in New Haven, Connecticut, has 
hopes for ribosome profiling, a molecular 
technique to monitor protein production. 
The procedure involves obtaining a 
sequence of RNAs (about 28 nucleotides 
long) that have been sequestered by 
protein-making ribosomes'*"*. The method 
works with pools of cells, but it may have 
potential for single cells, says Weissman. 

Daniel Chiu, a chemist at the University 
of Washington in Seattle, has a device that 
can add reagents to label a cell or organelle 
and send its contents — one molecule at 
a time — to an instrument that can count 
fluorescent molecules". His team has 
hooked this up to another microfluidic 
system: a high-throughput device to isolate 
single cells from a population. With this 
two-step system, the group can isolate cells 


and analyse their molecular components. 
The researchers have adapted the system 
for the detection and analysis of circulating 
tumour cells and are launching a company 
based on the technology: MiCareo, in Taipei, 
Taiwan. 

Researchers working with Garry Nolan, 

a geneticist at Stanford University in 
California, and Scott Tanner, a biomedical 
engineer at the University of Toronto 

in Canada, are revamping a tried and 

true high-throughput technique — flow 
cytometry, which relies on the detection of 
fluorescent tags, and generally measures 
six to ten parameters simultaneously. The 
team has developed ‘mass cytometry’. The 
technique can simultaneously measure 

34 parameters in a single cell’, including 
protein phosphorylation and cell-surface 
antigens, and has the potential for some 
100. The instrument that they use evaluates 
up to 1,000 cells per second, and relies on 
antibody-bound tags consisting of rare-earth 
elements detected by mass spectrometry. 

It is sold by DVS Sciences in Sunnyvale, 
California, and costs US$600,000. 

Mass spectrometry is routinely used for 
profiling proteins and metabolites, but does 
not have the sensitivity of optical techniques 
such as fluorescence. Very few proteins 
are present at more than 100,000 copies 
per cell, so most are below the limit of 
detection for commercially available mass 
spectrometers. But researchers are making 
progress, mainly with more abundant 
metabolites and peptides. Researchers at the 
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genome and RNA content of a single cancer 
cell using the company’s technology. 

Nicholas Navin, a geneticist at the MD 
Anderson Cancer Center in Houston, Texas, 
is one of only a handful of researchers who 
have sequenced the genomes of single cells 
from eukaryotic organisms. This year, in col- 
laboration with Michael Wigler, a geneticist 
at Cold Spring Harbor, and his colleagues, 
Navin sequenced the DNA of 100 indi- 
vidual cells from different parts of each of 
two human breast tumours, tracing how 
the cancer evolves as it spreads’. It took sev- 
eral years and cost about $2,000 per cell; the 
cost has since fallen to about $200 per cell, 
he says. In the end, Navin was able to reli- 
ably cover about 6% of the genome of a cell 
— enough to assess some larger copy-num- 
ber aberrations, but not to look at the accu- 
mulation of point mutations during tumour 
evolution. 

The limitation, say Navin and other 
researchers, is the technique used to amplify 
the DNA: whole-genome amplification, which 


University of Illinois at Urbana-Champaign, 
for instance, have used matrix-assisted 
laser desorption/ionization (MALDI) 

mass spectrometry to profile the major 
metabolites and peptide neurotransmitters 
released in a large neuron of the sea slug 
Pleurobranchea californica in response to 
hunger’®, In unpublished work, Zenobi and 
his colleagues have generated a map of the 
yeast metabolome using MALDI mass- 
spectrometry data from single cells. He says 
that he can detect metabolites in the low 
attomole range (around 1 million molecules), 
and can identify more than 200 correlations 
— for instance, whether increases in one 
metabolite correlate with decreases in 
another. 

Other researchers use different mass 
spectrometry methods. Cynthia McMurray, 
a neuroscientist at Lawrence Berkeley 
National Laboratory in Berkeley, California, 
is constructing single-cell metabolic maps 
from thin sections of brain, comparing 
healthy, aged and diseased mice using 
nanostructure-initiator mass spectrometry. 
She ultimately aims to create a three- 
dimensional metabolic map of the brain. 

Zenobi is negotiating with Sigma Aldrich 
in St Louis, Missouri, about commercializing 
a micrometre-scale device’ that prepares 
multiple single cells on an array for 
analysis by MALDI mass spectrometry. The 
device may be available as early as next 
year. “Once people realize these types of 
analyses can be done, they will jump on 
them,” he says. 6.5. 
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relies on an enzyme that copies some genomic 
regions but skips others. By tweaking this step, 
Navin says, he is now exceeding 50% coverage 
of the genome of a human cell, although his 
work has not yet been published. 

Navin is not the only one tackling this 
problem. At the Cold Spring Harbor Meeting 
this year, Xie said that he and his colleagues 
had been able to sequence 85% of the genome 
of a mammalian cell. The paper describing it 
has not yet been published — but researchers 
who have seen the data are impressed. “Sunney 
nailed it,’ says Lao. 

This is welcome news to researchers such 
as Fred Gage, a neuroscientist at the Salk 
Institute for Biological Sciences in San Diego, 
California, who wants to sequence individual 
neurons. He has found that long interspersed 
elements (LINEs) — DNA sequences that can 
move around in the genome — form new inser- 
tions when neurons are born from neuronal 
stem cells®. Every neuron probably contains 
unique LINE insertions, with most cells having 
between 80 and 300. “Every neuron is probably 
different from every other neuron,’ says Gage. 


ONE DEVICE, LOTS OF INFORMATION 
Questions on single cells often lead 
researchers into difficult experimental ter- 
rain. For help in navigating such tricky 
territory, Gage recommends collaborating 
with the best technical experts; he is work- 
ing with Roger Lasken, a leader in sequencing 
unculturable microbes at the J. Craig Venter 
Institute in San Diego. 

But many researchers venturing into 
single-cell analysis will be on their own, so 
techniques will have to become more auto- 
mated, integrated and kit-like, says Jonathan 
Sweedler, a chemist at the University of Illinois 
at Urbana-Champaign. “Researchers will be 
able to buy a device that has 48 steps incorpo- 
rated into one platform, he says. Widespread 
uptake of single-cell analysis will also require 
high-throughput analyses of dozens to thou- 
sands of cells to tease out measurement errors 
from real heterogeneity. 


James Eberwine’s ingenuity in pioneering single- 
cell protocols has led to dozens of patents. 


SINGLE-CELL ANALYSIS (upsteste) Raley) 


Researchers are going beyond single cells to profile parts of cells, such as neuronal extensions. 


Several companies are working on these 
goals, offering miniature devices that inte- 
grate multiple steps for the high-throughput 
analysis of single cells. Fluidigm of South 
San Francisco, California, markets a micro- 
fluidic system that can simultaneously analyse 
96 genes in 96 individual cells using quanti- 
tative PCR. Fluidigm systems have been 
deployed to uncover previously unrecog- 
nized subsets of immune cells”, and to exam- 
ine variability in the response of single cells to 
cytokine signalling’. RainDance Technologies 
of Lexington, Massachusetts, also sells micro- 
scale kits to analyse single cells. 

Usability and high throughput are a boon for 
miniature devices. Integrated steps also help to 
conserve precious samples, and small volumes 
can aid the dynamics of biochemical reactions 
— for instance, they can reduce amplification 
bias in PCR reactions, notes Stephen Quake, a 
bioengineer at Stanford University in Califor- 
nia, and co-founder of Fluidigm. 

“Working with small volumes gives you 
some real technical advantages,” says Quake, 
whose lab is harnessing microfluidics to 
develop a technique for single-cell transcrip- 
tomics, and has created a device to isolate and 
sequence single chromosomes”. 


PUTTING IT ALL TOGETHER 
But high-throughput techniques will be 
limited if what they measure is too simple. To 
grasp how a cell works, “you need to under- 
stand not just chemistry, but spatial and tem- 
poral information’, says Daniel Chiu, a chemist 
at the University of Washington in Seattle. To 
integrate these analyses, his lab combines 
microfluidics, nanomaterials and optics. 
Chiu’s team has developed a technique for 
single-cell nanosurgery using a ‘vortex trap, an 
optical method that can manipulate organelles 
or liquid droplets. The group has isolated sin- 
gle mitochondria from cells and prepared 
them for analysis on a ‘droplet nanolab, which 


deploys the vortex trap to fuse droplets and 
change the concentration of reagents". 

Chiu’s lab has also developed microfluidic 
devices for quantifying fluorescently tagged 
molecules, and for detecting and analysing cells 
that are rare in a population, such as tumour 
cells circulating in the blood (see ‘Beyond 
amplification’). 

Ultimately, a combination of techniques will 
be necessary for researchers to attain their goal 
of measuring multiple parameters in a single, 
living cell. “The more parameters you can 
define — the transcriptome, the peptide-ome, 
how a cell looks, how it responds to drugs — 
the more information you are going to get out,” 
says Eberwine. 

Eberwine is confident that these methods 
will emerge, even if it takes years. “I think we 
will be successful,” he says, “and if we are not, 
somebody else will be.” m 


Charlotte Schubert is a freelance writer 
based in Seattle, Washington. 
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Individual cells, such as this immortal human skin cell, can now be studied in unprecedented detail. 


SINGLE-CELL ANALYSIS 


Imaging is 
everything 


Advances in single-cell imaging bring opportunities 
for physicists, biologists and chemists alike. 


BY AMY MAXMEN 


nrico Gratton gave his research centre 
E: aspirational and prescient name: the 

Laboratory for Fluorescence Dynamics. 
When the lab was established at the Univer- 
sity of Illinois at Urbana-Champaign in 1986, 
Gratton and his colleagues could make lipids 
and proteins in clumps of cells glimmer using 
fluorescent probes, but imaging moving mol- 
ecules in individual cells was impossible. Yet 
Gratton had hope: “We put ‘dynamics’ in the 


centre’s name because we knew we wanted to 
eventually follow the behaviour of molecules 
inside individual cells,” he says. With techno- 
logical advances, Gratton can now do just that 
at the lab, which moved to the University of 
California, Irvine, in 2006. He can watch lipids 
aggregate and proteins exit membranes. His 
dream has been realized. 

Gratton and his colleagues are at the centre 
of a growing field focused on single cells. 
Improvements in microscopes, lasers, cameras, 
computers and fluorescent labels let researchers 


directly observe and measure dynamic cellular 
processes (see page 133). Scientists can look at 
how tumour cells change over time, measure 
how long it takes for DNA to bind to a tran- 
scription factor or trace the route of RNA as it 
exits the nucleus, for example. 

Since Gratton’s lab became the first single- 
cell-imaging centre to receive US federal fund- 
ing, many facilities have opened around the 
world — including at the German Research 
Center for Environmental Health in Munich 
and the Max Planck Institute for Biophysical 
Chemistry in Gottingen, Germany. “Insti- 
tutions are quite eager to set up these cores 
because there’s a huge pay-off? says Robert 
Singer, co-director of the Gruss—Lipper Bio- 
photonics Center at the Albert Einstein College 
of Medicine in New York. “With the right set- 
up, their faculty can write more-competitive 
grants and get their studies into better journals.” 
Investigators can reveal previously unknown 
biology, and contribute to medical research. A 
single-cell specialist might reveal, for example, 
how stem cells differentiate as wounds heal. 

The field is inherently interdisciplinary. 
Microscope developers usually hail from bio- 
physics, which is rich in optics research, but cell 
biologists and chemists also have key roles in 
the field, with their expertise in handling liv- 
ing material and labelling it non-invasively. 
Single-cell-imaging labs are found in physics, 
chemistry and cell-biology departments at 
universities. Others are affiliated with medical 
schools, at which imaging experts aid in disease 
research, diagnostics and drug discovery. Singer 
and Gratton say that their students and postdocs 
find careers in both academia and industry. 

A single-cell researcher’s academic back- 
ground isn’t as important as their ability to 
integrate approaches from various fields. They 
must apply a quantitative approach to all things 
biological — rather than just observing cells 
under the microscope, they must measure how 
the contents of cells change, for example, or 
quantify how cellular contents, properties and 
molecular dynamics vary between cells. And it 
helps to enjoy tinkering with optical devices. 


HIGH-TECH TOYS 

High-end fluorescence microscopes cost 
between US$300,000 and $1.5 million, and 
US federal funding agencies are getting plenty 
of requests for them. Last year, proposals for 
microscopes accounted for about half of the 
grant applications submitted to the biology arm 
of the Major Research Instrumentation Pro- 
gram at the US National Science Foundation. > 
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> The US National Institutes of Health (NIH) 
Shared Instrumentation Grant Program sup- 
ports the purchase of research equipment that 
costs $100,000-600,000; requests for high-res- 
olution, high-contrast confocal microscopes 
doubled between 2008 and 2010. And the NIH’s 
High End Instrumentation Program, which 
supports instruments in the range of $750,000 
to $2 million, has seen applications for confo- 
cal microscopes roughly double every two years 
since 2005. Price tags are increasing as instru- 
ments become more versatile: the average cost 
of microscopes funded by the German Research 
Foundation was €300,000 (US$403,000) five 
years ago, but is €480,000 now. 

Advances in the past decade have brought 
better probes and microscopes, and improved 
tools for analysing gene expression. To capital- 
ize on this, the NIH has launched a $90-million, 
five-year single-cell-analysis programme to 
support single-cell imaging and studies on the 
genomes and other aspects of individual cells. 
It will award its first grants in 2012 — aslongas 
funds from NIH budgets permit. Other micro- 
scope funding programmes include the multi- 
user equipment grants from the Wellcome 
Trust in London, which fund microscopes 
costing up to £1 million (US$1.6 million), and 
the Netherlands Organisation for Scientific 
Research's Investment Subsidy NWO Large 
programme. Finding out how cells differ is 
important in disease, says Richard Conroy, 
programme director at the National Institute of 
Biomedical Imaging 
and Bioengineering 
in Bethesda, Mary- 
land. Not all cancer 
cells are the same, 
for example, and it 
is important to learn 
which pose a risk to 


health and which are 

resistant to treatment. 

FINE DETAIL es 

Gratton spends most You want to : 
of his day doling out apply your skills 
advice on imaging and toolbox 
experiments to the [fod research 
25 students, techni- problem that 
cians and postdocs willhavea 
who work on the 11 future. = 
custom-made micro- Rick Horwitz 


scopes at his lab. On 

one occasion, graduate student Chi-Li Chiu 
told him that an artificial collagen matrix she 
was handling seemed to be densest around 
certain breast-cancer cells embedded in it 
— something that would have been hard to 
detect before single-cell imaging. To verify the 
observation, Gratton asked Chiu exactly how 
dense the matrix became. Chiu used a confo- 
cal imaging microscope to take hundreds of 
snapshots of matrices at different depths. With 
a computer programme called SimFCS, she ana- 
lysed the intensity of light reflecting off fibres 


Researchers can zoom in on single cells, such as a primary rat hippocampal neuron expressing green 
fluorescent protein (left), or a connective-tissue cell called a fibroblast (right). 


in the matrix in different places, related those 
measurements to density and calculated how 
the living cells deformed the tissue-like matrix. 
Chiu’s brief task demonstrates the technical 
and scientific acumen demanded by single- 
cell imaging — and how it can open up new 
avenues of research. Gratton now wants to 
learn how some cancer cells can directly alter 
the density of tissue. “Is the cell producing 
more collagen around itself, or is it extending 
protrusions to grab the collagen and bring it 
close to the cell?” he asks. “And as these cells 
are cancerous, does altering the surrounding 
tissue allow them to migrate and spread?” 
Biophysicists often find work in microscope 
development, which calls for knowledge of the 
physical properties of lasers. However, they 
may need contact with a biologist to help them 
to stay attuned to biological questions and keep 
cells alive, says Rick Horwitz, a cell biologist 
at the University of Virginia in Charlottesville, 
who has a PhD in biophysics. Biophysicists 
don't necessarily need to move toa cell-biology 
department, he says, but they should collabo- 
rate closely with biologists working in cancer 
biology, neurobiology, cardiovascular biol- 
ogy or another well-funded field that can be 
advanced by single-cell imaging. “You want 
to apply your skills and toolbox to a research 
problem that will have a future,” says Horwitz. 
Cell biologists can also become leaders in 
single-cell imaging — especially now that 
microscopes and fluorescent probes to tag 
molecules need not be made from scratch. 
Manufacturers, including German companies 
Carl Zeiss in Jena and Leica Microsystems in 
Wetzlar, and Japanese firms Olympus and 
Nikon in Tokyo, offer microscope systems 
built for single-cell and single-molecule imag- 
ing, along with the software for analysing the 
data. Likewise, fluorescent probes can now 
be purchased from biotechnology companies 
such as Life Technologies in Carlsbad and Bio- 
Search Technologies in Novato, both in Cali- 
fornia. With these tools and reagents for sale, 
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faculty members working in single-cell imag- 
ing no longer need the chemical or physical 
expertise to make their supplies themselves. 
Biologists who wish to specialize in single- 
cell imaging must learn to think quantita- 
tively to design successful experiments, says 
Paul Selvin, a biophysicist at the University of 
Illinois at Urbana-Champaign. In his imaging 
workshops, he has seen biologists who have 
not grasped this principle. For example, they 
will predict that a protein will diffuse along a 
brain-cell membrane and into a synapse, but 
forget to account for the drag from the fluo- 
rescent label that they have attached to the 
protein, which can slow down or halt diffu- 
sion. “It’s not very hard to do the calculations to 
account for drag, but you need to think about 
the problem in the right terms,” says Selvin. 
Chemists can contribute to single-cell 
imaging by developing innovative ways to label 
molecules. Roger Tsien, a biochemist at the 
University of California, San Diego, received a 
share in the 2008 Nobel Prize in Chemistry for 
his part in discovering the green fluorescent 
protein, which transformed single-cell analysis 
by allowing scientists to image the components 
of living cells non-invasively. And Imaging labs 
often welcome scientists familiar with com- 
puter programming, who can develop soft- 
ware to analyse the terabytes of uncompressed 
image data collected from every experiment. 


FINDING A NICHE 

Single-cell imaging draws on so many fields that 
it can be the ideal niche for technology-minded 
scientists who have struggled to find out where 
they belong. “There were times when I thought 
I studied the wrong thing, because I realized I 
needed to know more biology or more about 
software development, and I had to learn it on 
my own,’ says Christian Hellriegel, an appli- 
cation specialist for Zeiss. “But in the end, I 
found I had a much wider scope than many 
people, and that turned out to be a great plus.” 
That scope comes in handy in his job, where 


K. LITWA 


Hellriegel eases communication between 
university biologists and company physicists 
who design microscopes. Zeiss and its com- 
petitors have been racing to produce high- 
end microscopes, meaning that there is ever 
more potential for positions like Hellriegel’s. 

Hellriegel moved to Zeiss from academia. 
He has lost the freedom to run his own 
experiments, but says that not having to 
write grant applications is well worth any 
downside. And he is still engaged in his 
favourite aspect of single-cell imaging — 
tinkering with microscopes. “One of the 
things that dawned on me is that there's a lot 
of thorough science that occurs in industry,’ 
he says. “I’m still helping to design equip- 
ment for biologists, only now I really have to 
make sure the equipment works well and is 
as user-friendly as possible” 

Most jobs in single-cell imaging are in 
university departments and imaging cen- 
tres. Eric Potma, a physical chemist at the 
Beckman Laser Institute at the University 
of California, Irvine, says that researchers 
should apply to universities at which there 
are already regular collaborations between 
imaging centres and medical schools or 
cell-biology departments. He adds that if 
the university is not equipped with the nec- 
essary high-end instruments and enough 
space, a large start-up package is essential. 
“T needed a package of about $1 million for 
the kind of work I do, in addition to plenty 
of space,” he explains. His laser system, 
microscope, reagents, biosafety hood and 
incubator cost about $700,000. Another 
$300,000 went to support two graduate stu- 
dents and a postdoc for two years. “If you 
accept lower than what you really need,” 
warns Potma, “your research won't be suc- 
cessful and you may not get tenure.’ A gen- 
erous start-up is crucial, Gratton agrees, 
because it is nearly impossible for an investi- 
gator to get a federal grant to purchase high- 
end imaging equipment early in their career. 

Graduate students and postdocs who are 
interested in single-cell imaging should seek 
out interdisciplinary labs, advises Singer. 
“It’s great when the people who build the 
microscopes, make the probes and under- 
stand the biology get together in one place,’ 
he says. “It’s really a great synergy and every- 
thing progresses quickly because you can 
bring a lot more breadth to the problem” 

Despite the daunting amount ofknowledge 
required to become an expert in single-cell 
imaging, those who succeed will be gain- 
fully employed, says Singer. Potma sees the 
field as part of the progression towards bet- 
ter understanding of how cells contribute to 
health and disease. “There’s still so much left 
to visualize,’ he says, “that I don't see an end 
to this field any time soon.” m 


Amy Maxmen is a freelance writer based 
in New York. 
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Jonathan Cirtain 


On 26 September, Jonathan Cirtain, a solar 
physicist at NASA’ Marshall Space Flight 
Center in Huntsville, Alabama, received a 
Presidential Early Career Award for Scientists 
and Engineers. 


What made you pursue a scientific career? 
When I started college, I went to play Ameri- 
can football at the University of Alabama in 
Tuscaloosa, but an accident in 1993 ended my 
football career. Lacking motivation, I didn't 
start college again until 1999 — after my dad 
made me promise to get a degree and stop 
wasting my life. He died two weeks later and 
I kept my promise. I started an undergraduate 
degree in mathematics and physics, subjects I'd 
always enjoyed, at the University of Memphis, 
Tennessee. I wanted to work for NASA or an 
outfit that supplied NASA with instrumenta- 
tion. I thought that the best way to achieve that 
was to get a PhD in physics. 


How did you get interested in solar physics? 

Ata conference of the American Astronomical 
Society I met Piet Martens, an astrophysicist at 
Montana State University (MSU) in Bozeman, 
who told me that his team would be opening a 
slot to work on NASAs Transition Region and 
Coronal Explorer (TRACE), which launched 
in 1998. The telescope took high-resolution 
images of the Sun’s atmosphere, and MSU was 
involved in mission operations. As a graduate 
student, I got to operate the scientific payload. 
I was dropped into the middle of the action. 


How did you earn a predoctoral fellowship? 
The Sun’s atmosphere had always looked fuzzy 
and out of focus in observations. It turns out 
that the community was not achieving the best 
resolution for engineering reasons. During my 
first year at MSU, I demonstrated a physical 
model for the Sun’s atmosphere using observa- 
tions from different instruments in space, and 
showed how imaging instrumentation should 
be altered to bring the Sun’s atmosphere into 
focus. That caught the attention of Leon Golub 
at the Harvard-Smithsonian Center for Astro- 
physics in Cambridge, Massachusetts, and led 
to a predoctoral fellowship in 2004. Since then, 
my work has included helping to build the 
next-generation telescope for TRACE. 


How did you accelerate your academic career 
so quickly? 

While calibrating the Hinode X-ray telescope 
in 2005 at the Marshall Space Flight Center, I 
got to analyse the data and demonstrate per- 
formance. I became one of the few people who 


really understood the ins and outs of how the 
instrument works. I worked on my dissertation 
and defended it in March 2005. So, in 5 years 
and 10 months, I went from no undergraduate 
degree toa PhD. 


What are your next big launches? 

In June next year, as head of the solar-physics 
team, I’m going to launch a telescope that will 
offer a tenfold improvement over any previous 
extreme ultraviolet instrument. It is called the 
High Resolution Coronal Imager (Hi-C) and 
it will have 150-kilometre spatial resolution. 
A week before I launch that, I will launch the 
Solar Ultraviolet Magnetograph Instrument 
(SUMI), which will be used to infer the magni- 
tude and direction of the Sun’s magnetic field. 


Despite the economic challenges facing NASA, 
is now a good time to seek a space-related 
career in the United States? 

Perhaps I’m still young enough that I’m naive. 
The challenges that NASA faces are the ones the 
nation faces. This is a real economic crisis in the 
government; I don't think NASA is particularly 
different from any other agency. However, there 
is a shortage of US citizens pursuing careers in 
scientific instrumentation. Most of the graduate 
students who are interested in this area are for- 
eign nationals. | think that’s bad for the nation’s 
scientific competitiveness. Now is as good a 
time as any to go into space-based astrophysics. 


To what do you attribute your career success? 

I don't think I’m a genius; I work hard and 
make the most of opportunities I’m given. I 
don’t know how I would have got this far with- 
out my wife, whose support and willingness 
to move around with me have been extremely 
important. m 


INTERVIEW BY VIRGINIA GEWIN 
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GIFTS OF THE MAGI 


BY ANATOLY BELILOVSKY 


regor Samsa awoke one morning 
Gr uneasy dreams to find himself 

transformed into a giant cockroach. 
The metamorphosis startled him ina casual, 
momentary way, much as waking up ina 
strange hotel room might have, as did the 
darkness into which he woke. He flexed his 
limbs; with a crackling noise his chrysalis 
fractured, and morning sunlight flooded 
his compound eyes. He tried to blink, but 
although he could not feel his eyelids close, 
his eyes adjusted to the light much faster 
than his old ones could; in an instant, the 
whole room came into sharp, clear focus. 

He did not need to dip his head to see 
each chitinous shard fall spinning to the 
floor, sparkling in the sunlight. He saw 
each dust mote in the slanted sun- 
beams, each flower on the wallpa- 
per, each wrinkle on his bed. 

The door inched open. Samsa’s 
daughter poked her head into the 
room. “Hi Daddy!” she shouted 
and disappeared. He heard her 
steps distinctly, and new har- 
monics in her timbre. He tried to 
memorize her face as he now saw a 
it, and her voice. 

Smells registered next, his wife's 
familiar scent first of all and, after 
that, the aroma of dark, strong cof- 
fee, laden with sugar, wafted from 
the kitchen. There was a clinking noise, 
slower, heavier steps, the door creaked, 
opened wider — 

Samsa’s wife came through the doorway 
with the coffee, holding with both hands a 
half-full bowl. She carried it slowly, placed it 
in front of him on the floor, sat down on the 
bed. For a moment, Samsa turned to bring 
the densest part of his eye towards her. He 
saw new wrinkles, bloodshot eyes, drying 
tears. He turned and dipped his proboscis 
into the coffee, taking her out of focus, but 
not out of sight. 

“T know you can’t talk,” she said. She 
looked down, smoothed her hair back, then 
looked at him again. “T'lll talk for both of us. 
You'll say, ‘it’s only for a month, you know’.” 
She sniffled. “And I'll think, a whole month. 
Tll imagine the pipes and the tunnels and 
the dangers, and you'll 
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A career underground. 


his carapace; her hands shook, and for 
a moment her fingers drummed on the 
unyielding thorax. Her hand recoiled. 

“It’s the thought of you being under- 
ground,’ she said. “And, honestly, of you not 
being here. I wish you didn’t have to do this. 
You always used to worry about me flying, 
and I always told you I’m the best pilot in 
the sky. I always paid attention to everything, 
always knew what everyone was doing.” Her 
mouth tightened. “Except you.” Her hands 
wandered as if searching for something 
familiar: instruments, propulsion controls, 
handholds; anything. 


“Why didn't... Oh hell, I know why you 
didn’t tell me. You wanted to pay off the 
house by December, so I wouldn't have to 
take the Saturn run. I didn’t tell you I quit, 
either. I wanted it to be a surprise, that wed 
never be apart that long again. So did you. 
We both love surprises. Remember how I 
proposed?” 

Gregor remembered. A chartered sub- 
orbital to Paris. Twenty minutes of a bal- 
listic should have been time enough, shed 
thought: she would propose, he would 
accept, then they would make love in 
zero-G. Except for his nineteen and three- 
quarter minutes of space sickness. They got 
it right, finally, in the Royal Suite at Hotel 
George V, but he never shook off the feel- 
ing shed been left disappointed. You should 
see them weightless, she had said wistfully, 
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cupping her breasts as she dressed the next 
morning. 

“And you will tell me that this body is 
damn near indestructible, doesn’t even need 
to breathe or eat, she continued, “and —” 
her voice cracked “— reactor maintenance 
pays great.” She paused to wipe a tear. “Bet- 
ter than any desk job I could get. Not easy to 
find work for an ex-spacer with a family to 
feed; she finished in a whisper. 

I should have said something, Samsa 
thought, last night. I should have kissed her. 

There was a knock on the door. Samsa’s 
wife smiled. “You raised her right. Always 
knock first when your parents are together 
in the bedroom.” She stood up. “I know 
what youd say if you could,’ she said. 

“You would tell me that you love me, 

and that you are doing this for us. And 

Id say, I love you too. And I'll miss 

you. Very much. I'll think of noth- 
ing else all day.” 

Yes you will, Samsa thought. 

You'll think of flying the way you 
never thought of it before, just 
like I never thought of air until I 
stopped breathing. 

She shambled towards the 
kitchen with a spacer’s graceless 
gait, but although shed always 

been awkward under gravity, for 
the first time Samsa thought of a 
long-forgotten line: “... as if treading 
upon knife blades so sharp that blood 
must flow.” 
She stopped in the doorway, one hand on 
the jamb, turned to face him. He could see 
her perfectly well without moving his head, 
but it seemed right to raise it. She swam into 
full focus again: porous skin, sagging cheeks; 
but he could see her, too, all of her. She was 
so beautiful. 

“Tm glad we had this talk,” she said, will- 
ing a smile. “Have a nice day at work, dear.” 

Samsa nodded. It was the least he could 
do. And the most. = 
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BRIEF COMMUNICATIONS ARISING 


Fundamental limits of ‘ankylography’ due to 


dimensional deficiency 


ARISING FROM K. S. Raines et al. Nature 463, 214-217 (2010) 


Raines et al.’ propose a method, which they call ‘ankylography’, for 
three-dimensional structure determination using single-shot diffract- 
ive imaging (SSDI). But the conclusion without limitation that the 
three-dimensional structure of an object is “in principle encoded into 
a 2D diffraction pattern on the Ewald sphere” and may be inverted by 
SSDI is inadequately substantiated and conceptually misleading. Here 
I point out that SSDI in general suffers from a dimensional deficiency 
that limits the applicability of ankylography to objects that are small- 
sized in at least one dimension or that are approximately two-dimen- 
sional in some other way. 

The rate of reliable information transfer via a spatial or temporal 
channel is fundamentally limited by the channel capacity, which is deter- 
mined both by the number of degrees of freedom available therein and by 
the obtainable signal-to-noise ratio’. The resolving powers of telescopes 
or radio antennas and microscopes including SSDI are all limited in 
much the same manner. A steep (exponential) price in signal power 
must be paid to obtain data rates or resolutions significantly beyond 
those supported by the available number of degrees of freedom*”. 
SSDI uses a spatial channel characterized by a linear operator T that 
projects any real-space amplitude with support [0, J]* onto the Ewald 
sphere. It is known** that there exist a pair of orthonormal bases 
{ui}; . , and {v;}; . ,, called normal modes, and also their associated 
modal gains {4,(T)}, . ,, all non-negative and arranged in a non- 
decreasing order such that Tu; = Viivis Vi> 1. For any predetermined 
modal cutoff threshold se(0, 1), N(T,e)= max{i: A,(T)>e} is the 
number of usable normal modes, that is, the number of usable 
degrees of freedom. It has been rigorously proved’ that 
N(T,@) <8P + O(| log é|I log 1+ log” ¢log” 1), which grows more slowly 
than the number of unknowns O(/*) in a general three-dimensional 
object as its size increases. The insufficiency of the number of useable 
degrees of freedom would persist even if ¢~' grew exponentially as / 
increased, as long as the exponent grew no faster than [° /2: more specif- 
ically, so long as | log e| = O(/'° ~ °), for any fixed small 6>0. 

I emphasize the fundamental nature of the limitation: that single- 
shot diffraction does not convey sufficient information about the 
three-dimensional structure of an object, even if the amplitude 
(instead of intensity) of the diffracted field is sampled continuously 
and measured directly with no phase ambiguity. Given a practically 
obtainable signal-to-noise ratio and a measurement accuracy that 
together determine a threshold ¢ of modal cutoff, any signal in a linear 
space spanned by normal modes of orders higher than N(T, ¢) is 
essentially lost in transmission or attenuated beyond detection. 
Oversampling and inversion algorithms are irrelevant in this context. 

I note that there has been substantial criticism®* of ankylography 
even before its publication’. However, no agreement seems to have 
been reached on the fundamental problem of dimensional deficiency 
in ankylography, and an upper bound for the number of degrees of 
freedom suggested by one critic® has been disputed and its applicabil- 
ity questioned by Raines et al.”*, whose response demands a math- 
ematically rigorous proof like the one given here. The present analysis 
also demonstrates the need to quantify noise and a means of doing so, 
in order to determine a cutoff threshold based on signal-to-noise 
ratio, which in turn defines the number of useable degrees of freedom. 
Although Raines et al.'’* discuss degrees of freedom, matrix ranks 
and data sufficiency, they fail to quantify the noise. To say simply that 


“Poisson noise was added” to the diffraction patterns does not specify 
how noise addition was implemented in their numerical simulations, 
which are the only justification of ‘ankylography’ in the absence of a 
theoretical base. This vagueness about noise makes it difficult to inter- 
pret the reported results and to reconcile the apparent contradiction 
between the authors’ (ref. 1) and the critic’s (ref. 6) simulation results. 
Raines ef al.’* cite “full rank of matrix” and other numerical results to 
support the claim that a curved surface of detection and oversampling 
yielded sufficient information for three-dimensional structure inver- 
sion, but they have not responded to the critic’s numerical examples 
and figures showing rapid decays of singular values’. 

In summary, SSDI of truly three-dimensional structures does not 
scale. The applicability of ankylography is limited to objects that are 
small-sized with respect to the wavelength in at least one dimension or 
have structures that are essentially two-dimensional in complexity. 
Such may be the case in the computer tests and preliminary experiment 
of ref. 1. Raines et al.’ also emphasize certain “physical constraints”, 
many of which are actually steps of numerical procedures instead of 
mathematical constraints of model formulation. Incorporating more 
genuine physical constraints could possibly alleviate the problem of 
dimensional deficiency. However, that would diminish the generality 
and appeal of ankylography, and the same feat is arguably achievable 
by conventional diffractive imaging with a flat image detector. 


METHODS 


With F,F, being a two-dimensional Fourier transform and T, being a linear 
operator of z integration’, the upper bound on N(T, ¢) follows from the well- 
known result’ that N(F,, ¢)=N(E,, €) = 21+ O(| log ¢| log /), in conjunction with 
inequalities N(T, 2) <2N(T-F,Fx, &/2) <2N(F)Fe, &/2) <2N(F), €/2)N(Fe, &/2), 
with the second inequality following from an operator inequality’ 
FFT! TF, Fy <|| Tel FE By. 
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BRIEF COMMUNICATIONS ARISING 


Non-uniqueness and instability of 


‘ankylography’ 
ARISING FROM K. S. Raines et al. Nature 463, 214-217 (2010) 


Raines et al.’ have proposed ‘ankylography as a three-dimensional 
tomographic modality with a single monochromatic beam’. They 
believe that the three-dimensional structure of an object is “in principle 
determined by the 2D spherical pattern” that “is sampled at a sufficiently 
fine scale on the Ewald sphere.” Although they restricted their approach 
to unspecified “certain circumstances”, they claim potential “broad 
applications in the physical and life sciences”. Nevertheless, the imaging 
principles and proposed methodology of ankylography are flawed, 
bringing into question its applications, which was also pointed out by 
others, such as in ref. 2. 

In the continuous domain, if a significant portion of the Fourier 
spectrum is unavailable, the recovery of the corresponding object is 
typically unstable**. This type of instability is well known in imaging 
areas such as X-ray computed tomography and magnetic resonance 
imaging. For example, X-ray limited-angle tomography theoretically 
has a unique solution but in practice it yields serious artefacts”*. In the 
limiting case, ankylography represents an extreme of limited- 
angle tomography. With knowledge only of an Ewald sphere, two- 
dimensional analytic extension is impossible*’. Given a sufficiently 
complex structure in the object support, its Fourier spectrum outside 
the surface of the Ewald sphere can uniquely and stably determine 
that object, and the solution from data on the surface of the Ewald 
sphere or another zero-measure surface is generally non-unique and 
highly unstable. 

Let QeR’ be an open bounded set. Suppose that u(r)eC3(Q) is a 
compactly supported function whose Fourier transform is u(¢), with 
r=(x,y,z) and €=(€,, €, €3). Denoting 


at gt at at af at 2 
g(r) (a + aA aap 2a ee +4R =) u(r) (1) 


we have 


Fourier modulus 
in 
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Equation (2) shows that the Fourier transform of g(r) is zero on the 
Ewald spheres centred at (+ R,0,0) with radius R. From equation (2), 
we can construct many counterexamples to prove the non-uniqueness 
of ankylography. 

In the discrete domain, instability of ankylography inherited from 
the continuous domain will be overwhelming when the number of 
unknowns is substantial. Ankylography incorporates non-negativity, 
uniformity and continuity in the hybrid-input-output framework’. It 
allows reconstruction of objects with a small number of degrees of 
freedom, but fails in our experiments even using an enhanced hybrid- 
input-output algorithm with total variation minimization’? when an 
object matrix is not too small. Specifically, we used a 64 X 64 X 64 
Shepp-Logan phantom. The oversampling condition’ was satisfied. 
When all the Fourier modulus information was available, an accurate 
image was reconstructed. However, the reconstruction quality 
degraded rapidly as the known portion of the Fourier modulus was 
reduced, and became useless from a single view even with an excellent 
initial image (Fig. la). J. Miao of ref. 1 has confirmed that the current 
ankylography algorithm does not perform well if an object is sym- 
metric or if the image size is much larger than 15 X 15 X 15. We 
believe that these limitations are fundamental, and should have been 
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Figure 1 | Numerical studies of ‘ankylography’ and ‘one-view divergent 
tomography’. a, Failure of ankylography with a 64 x 64 x 64 Shepp-Logan 
phantom (symmetric with respect to the z axis) from noise-free data after 4,000 
iterations. We note that the single-view measurement corresponds to the case 
of width = 1 but here the case of width = 2 is shown for better visibility of data. 


E2 | NATURE | VOL 480 | 1 DECEMBER 2011 


Reconstructed 
image 


The case of width = 100 can be physically studied using an energy-sensitive 
detector array. b, Success of one-view divergent tomography with a 7 < 7 
Shepp-Logan phantom in fan-beam geometry. In this specific setting, the 
system matrix has a rank (the number of independent measurements) larger 
than the number of pixels and a reasonable condition number. 
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mentioned in ref. 1. When the measured Ewald spheres form a layer of 
substantial thickness (such as the case of width = 100 in Fig. 1a), the 
reconstruction becomes satisfactory. Data for this type of three- 
dimensional reconstruction can be simultaneously acquired using 
an energy-sensitive detector array such as one from the Medipix 
detector family being developed by CERN". This approach has an 
ultrafast imaging speed, and can be referred to as spectrography 
instead of extended ankylography, because the latter is characterized 
by its two-dimensional spherical pattern. 

The methodological flaw in ankylography may also be illustrated 
with the example of ‘one-view divergent tomography’ for reconstruc- 
tion of a two- or three-dimensional structure from a single fan-beam 
X-ray projection”: 


p(s,0) = | 706+ 1®)at (3) 
0 


where s is the X-ray source position, and 0 is the unit directional 
vector. Following the same logic as in ref. 1, we could claim that 
one-view divergent tomography can reconstruct a two- or three- 
dimensional object using the oversampling strategy. Indeed, it works 
well for small-size matrices (Fig. 1b). However, it is well known that 
the solution to this problem is non-unique and unstable, with little 
utility in the computed tomography field so far. 
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NEWS & VIEWS 


FORUM OPTICS 


Perfect lenses in focus 


Materials that refract light backwards are thought to be required for making super-resolution lenses. An alternative 
proposal — that conventional, positively refracting media can do the job — has met with controversy. Two experts 
from either side of the debate lay out their views on the matter. 


Positive thinking 


TOMAS TYC 


ii 2000, Pendry showed' thata slab of material 
that bends light at a negative angle can work 
as a lens with the ability to resolve details much 
smaller than the wavelength of light. This is 
due to the fact that, unlike conventional lenses, 
which refract light at a positive angle (Fig. 1), 
this device transfers not only the propagating 
(long-range) waves of light from an object to its 
image, but also the object’s evanescent waves 
— short-range light that carries smallest-scale 
information about the object. However, such 
a perfect lens, although based on a neat idea, 
has some serious drawbacks. For example, 
it turns out’ that, for fundamental reasons, 
negative refraction is always connected with 
light absorption, and such absorption destroys 
the super-resolution ability of the lens. More- 
over, perfect lenses based on negative refraction 
are difficult to manufacture and can work 
only in narrow bands of the electromagnetic 
spectrum. 

A natural question to ask, therefore, is 
whether super-resolution lenses could be 
achieved by using materials that have a purely 
positive refractive index. In my opinion, the 
answer is definitely yes. As Leonhardt has 
shown’ by analytical calculations, Maxwell’s 
fish eye’ — a prototype of a positively refract- 
ing perfect lens — can provide imaging that 
has, in principle, unlimited resolution. This 
theoretical prediction was confirmed experi- 
mentally by Ma, Leonhardt and colleagues’, 
who showed that images of two sources of 
microwave radiation (used instead of light), 
separated by one-fifth of the radiation’s 
wavelength, could be clearly distinguished. 

However, to achieve such super-resolution 
by Maxwell’s fish eye, an outlet (drain) is 
required so that the radiation reaching the 
point of image formation can be absorbed or 
otherwise extracted. And it is this feature that 
is at the root of the controversy surrounding 
the issue of using positive refraction to make 
perfect lenses. Using a drain is not a problem, 
however, because the very reason for imaging 


Incident 
light ray 
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refraction 
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refraction 


Figure 1 | Positive versus negative refraction. 
Unlike conventional materials, which refract 
incident light at a positive angle, artificially 
engineered materials that have a negative 
refractive index bend light at a negative angle. 


is to record the image on some photosensitive 
medium, which naturally provides the outlet. 
There are some similarities between imaging 
by Maxwell's fish eye and by time-reversal 
mirrors®”. In both cases, the object’s electro- 
magnetic waves converge at the image point 
from all directions to create a subwavelength- 
resolution image. To produce a time-reversal 
mirror, the electromagnetic field must be 
recorded, inverted in time and then re-emitted 
using a complicated set-up involving active 
elements (additional sources of radiation). 
By contrast, Maxwell’s fish eye and other 
positively refracting perfect lenses form the 
converging waves naturally, without the need 
for active elements or field recording. 
Although the theoretical’ and experimen- 
tal results’ are promising, there are still many 
unresolved challenges relating to super-reso- 
lution with positive refraction. Probably the 
most exciting one is how to apply Maxwell’s 
fish eye and other perfect lenses in microscopy 
or nanolithography — the two fields that these 
devices are most likely to revolutionize. 
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No drain, no gain 
XIANG ZHANG 


I take issue with Leonhardt and colleagues’ 
claim*” that Maxwell’s fish eye is a perfect 
lens. Maxwell’s fish eye, proposed* more 
than 150 years ago, is subject to a diffraction 
limit: it cannot resolve any feature smaller 
than a fraction of the wavelength of the light 
being used. 

Over the past decade, negative-index 
metamaterials, which are made of artificially 
structured composites, have been used as a 
means to overcome the diffraction limit and 
to make a perfect lens by focusing all wave 
components of light emitted or scattered from 
the object’®. The key to such a perfect lens is its 
very ability to restore the smallest features of 
the object by enhancing the evanescent waves, 
which often decay in space. 

Leonhardt and colleagues argued’” that a 
metal-coated Maxwell’s fish eye, which is made 
of a positive-index material, can also act as a 
perfect lens by collecting all wave components. 
Their trick for attaining a perfect lens was to 
place an additional optical active element 
(the drain) exactly where the object’s image is 
formed. 

The problem with this approach lies in the 
physical interpretation of the imaging resolu- 
tion beyond the diffraction limit. An image 
formed using the drain-assisted fish-eye sys- 
tem involves electromagnetic waves not only 
from the object but also from a new source — 
the drain. The image is therefore no longer an 
intrinsic property of the fish eye itself. It was 
shown”” that removal of the drain destroys 
the sub-diffractional object details, resulting 
in a diffraction-limited image. It is therefore 
not justified to claim that a general positive- 
refracting material can make a perfect lens. 

Placing the drain at the image position 
supplies, through an electromagnetic field 
induced in the fish eye, the time-reversed 
form of the object’s electromagnetic waves, and 
the superposition of the time-reversed waves 
yields an apparently perfect image. The device 
thus falls within well-known super-resolution 


image schemes based on time reversal’. 

The drain-assisted perfect lens is, however, 
an interesting use of Maxwell’s fish eye, and 
it may offer opportunities from operations 
known as non-Euclidean optical transforma- 
tions. Conventionally, the lens is an independ- 
ent device that is separated from the object 
and its image. By contrast, with the fish-eye 
lens, both the object and image are embedded 
in it. How the embedded object and image 
affect the lens and its functions remains to be 
investigated. For example, displacement of 
the space inside the lens by an object of finite 


EVOLUTION 


size can significantly alter how the refractive 
index varies across the lens and therefore the 
lens’s optical functions. What’s more, detect- 
ing the image from inside the fish eye can be 
a challenge for practical applications. Never- 
theless, the ‘entangled’ or integrated approach 
of an object-lens—image with a drain is an idea 
worth exploring. = 
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Big brains explained 


The expensive-tissue hypothesis proposes that brain enlargement during human 
evolution was offset by a reduced gut size. The finding that the typical trade-off in 
mamiunals is between brain size and fat reserves suggests otherwise. SEE LETTER P.91 


RICHARD POTTS 


rain enlargement is one of the more 
B conspicuous aspects of human evolu- 

tionary history. Although the benefits 
of a large brain seem obvious, the correlated 
survival and metabolic costs are immense 
and define much about the human condition. 
In Homo sapiens, giving birth to big-brained 
babies is risky. Furthermore, the energy con- 
sumed by the brain forms roughly 65% of a 
baby’s total consumption and no less than 
20-25% of an adult’s, even though brain tissue 
accounts for only 2% of adult body mass. 

An enduring question, then, is how the ener- 
getic costs of evolving a larger brain were over- 
come, eventually enabling a threefold increase 
in volume in the transition from the hominin 
Australopithecus to H. sapiens (Fig. 1). On 
page 91 of this issue, Navarrete et al. address 
this problem by presenting an impressive data 
set comparing mammalian brain size with the 
mass of visceral organs and fat deposits. Their 
results challenge the compelling idea that brain 
enlargement in Homo and other mammals can 
be ‘financed’ by a reduction in gut size. 

The idea contested by Navarrete et al. is 
known as the expensive-tissue hypothesis”. It 
argues that the gastrointestinal tract is the only 
energetically costly organ system in humans 
and other primates that correlates negatively 
with brain size. Furthermore, a reduced gut is 
characteristic of primates that have high-qual- 
ity diets. Because access to substantial quanti- 
ties of meat and other new food resources has 
improved the quality of the diet of ancestral 
humans over the past 2.5 million years, this 
is expected to have allowed the human gut to 
become smaller. A key part of the expensive- 
tissue hypothesis, therefore, is that the costs of 


brain expansion in Homo were covered by this 
reduction in gut size. 

According to the opposing view now offered 
by Navarrete et al., the gut-brain trade-off should 
be replaced by a fat-brain trade-off. The 
authors took on the ambitious task of dissect- 
ing and measuring fat tissue mass in 100 species 
of mammals. They discovered that brain size 
correlates negatively with the amount of body 
fat in most mammals, but not with the mass 
of the gut, liver or any other tissue that has 
been proposed to be energetically expensive 
in mammals. 

The lack of a negative relationship between 
expensive tissues and brain size across many 
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mammalian groups led the authors to dispute 
the idea that human brain enlargement was 
paid for by energy savings associated with a 
reduced gastrointestinal tract. Instead, they 
suggest that increasing body fat and brain 
size are complementary strategies for warding 
off starvation. In other words, an organism's 
capacity to store body fat, which is a relatively 
inexpensive way to buffer food scarcity, can 
be reduced in lineages in which a bigger brain 
allows better-quality food intake or lowers the 
energetic costs of other life functions. 

But what about primates? And how does this 
finding’ help to explain the particular case of 
H. sapiens? Navarrete et al. did not observe a 
reciprocal relationship between brain size and 
fat reserves in primate species. They attribute 
this result to the fact that the primates they 
studied were captive animals — and thus not 
truly representative of primates in their natural 
environment — and to the diverse ways in 
which primates store fat, among other factors. 
As for H. sapiens, our species is unusual in 
having not only a large brain, but also hefty 
fat deposits — a dual strategy for combat- 
ing starvation that was apparently beneficial 
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Figure 1 | Human brain expansion. The cranial capacities of hominin fossils illustrate an increase in 
brain size, largely within the genus Homo, over the past 2 million years. If Homo floresiensis (bottom-left 
data point) is omitted as an outlier, the data show that more than 50% of the increase occurred between 
800,000 and 200,000 years ago. This suggests that the processes and pathways that caused brain expansion 
in Homo were concentrated in this period. (Cranial-capacity data from refs 3-5.) 
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in the variable and unpredictable habitats in 
which Homo evolved. Whereas most mamma- 
lian species employ one or the other strategy, 
the evolution of both in Homo, according to 
Navarrete et al., depended on the evolution 
of energetically efficient bipedal locomotion. 
Lowering the energy costs of locomotion early 
on in evolution might have allowed humans 
to evolve fat-storage capacity along with an 
expensive brain. 

The authors’ study’ admirably draws atten- 
tion to several other factors relevant to brain 
expansion in Homo. The use of tools, cook- 
ing and advances in foraging technologies, for 
example, would have improved the food supply 
for Homo and so stabilized energy intake. 
Brain expansion was also helped by the devel- 
opment of behaviour such as giving resources 
to other individuals — a peculiar dimension 
of human social interactions that comes with 
expectations that adults will share and eat 
food together and cooperate in caring for the 
young. Such behaviour might have reduced 
the amount of energy expended by reproduc- 
tive females and dependent offspring, thereby 
allowing an increase in brain size and birth 
rate, along with a slower pace of development 
for infants. 

When considering the above suggestions, 
one is confronted by the unique outcomes of 
human evolution. It is good science to seek bio- 
logical explanations for specific evolutionary 
features by using principles that are applicable 
across the widest range of species. Biological 
principles have, however, led to uncommon 
outcomes in humans. Compared with other 
mammals, human carers make an enormous 
investment in offspring, and they require 
atypically cooperative efforts to meet the time 
and energy demands of an infant’s prolonged 
maturation. A keen acquisitiveness of energy- 
rich resources is another defining human qual- 
ity, as this is imperative for feeding our hungry 
brain. These and other remarkable outcomes 
of general evolutionary processes have led to 
proposed explanations for the explosion in 
human brain size — including the expensive- 
tissue hypothesis — that fall ‘outside the box’ of 
general mammalian rules. Such explanations 
are arguably not ideal, but are acceptable as 
long as they are based on solid empirical data 
and comparative biological reasoning. 

Navarrete and colleagues, however, pursue 
an explanation that applies generally across 
mammals — an approach that is both refresh- 
ing and provocative. Inevitably, some will ask: 
could it be that gut-size reduction helped pay 
for brain enlargement in our genus, even if it 
did not do so in most other mammals? It is 
impossible to rule this out, but the authors’ 
hypothesis’ does neatly tie together many 
facets of human evolutionary history, with- 
out invoking a gut-brain trade-off. Fat now 
looms large in explanations of human evolu- 
tion, and will probably feed debates for years 
to come. m 
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Organ recital in a dish 


It is difficult to recapitulate organ development in vitro, especially when 
interactions between tissues are essential. Nonetheless, researchers have now 
achieved this for the pituitary gland. SEE ARTICLE P.57 


KARINE RIZZOTI & ROBIN LOVELL-BADGE 


uga et al.' report in vitro generation of a 

functional embryonic organ from mouse 

embryonic stem cells on page 57 of this 
issue. They have induced formation of Rathke's 
pouch — a precursor structure to the pituitary 
gland — from which hormone-secreting cells 
can be made to differentiate. This work is a 
notable advance towards studying pituitary 
development and for better management of 
pituitary-hormone deficits through regenera- 
tive medicine. It also illustrates that inductive 
processes — whereby tissues interact to form 
organs — can be triggered in a controlled and 
largely autonomous manner, which bodes 
well for the prospect of developing even more 
complex organs in the lab. 

In vertebrates, the pituitary — under the 
control of the hypothalamus in the brain — 
regulates essential physiological processes, 
including growth, puberty and reproduction. 
In humans, poor functioning of this organ 
can be congenital or acquired later in life, and 
affects one in 3,000-4,000 live births. Although 
hormone-replacement therapy can be effec- 
tive in these patients, it has its disadvantages, 
not least that it cannot reproduce normal 
hormone-secretion patterns’. 

In the early embryo, the tissues that will 
form the hypothalamus and Rathke’s pouch 
are adjacent, because they form from the 
most anterior (rostral) neuroepithelium and 
the ectoderm cell layers, respectively (Box 1). 
Although both structures are then displaced 
posteriorly, they remain in intimate contact: 
the presumptive hypothalamus induces for- 
mation of Rathke’s pouch in the developing 
embryo and regulates pituitary-hormone 
production after birth’. 

Differentiation of rostral hypothalamus 
from embryonic stem-cell aggregates has 
been reported previously*. Some of the same 
authors reasoned' that induction of an even 
more anterior feature in these aggregates might 
allow for the concomitant development of 
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rostral ectoderm along with neuroepithelium 
—a prerequisite for pituitary development. To 
see whether this was the case, they obtained 
floating aggregates in which an external layer 
of rostral-like ectoderm covered an inner layer 
of hypothalamus-like neuroepithelium. They 
then treated the aggregates with activators of 
the signalling molecule Sonic Hedgehog, a 
protein that is required for proper develop- 
ment of Rathke’s pouch in mice’. Suga et al. 
observed spectacular formation of invagi- 
nated hollowed vesicles that were strikingly 
reminiscent of Rathke’s pouch in vivo, not only 
in shape and location, but also in the molecu- 
lar markers they expressed (see Fig. 1 of the 
paper’). 

It is not surprising that factors required for 
Rathke’s-pouch formation in vivo (including 
Sonic Hedgehog, bone morphogenetic pro- 
teins and fibroblast growth factors) are also 
needed for pouch formation in vitro. What 
was unexpected, however, was such a degree 
of organization in this simple culture system. 
In vivo, morphogenetic movements (devel- 
opment of the head folds and neural-tube 
closure) affect the final location of Rathke’s 
pouch. Yet, in Suga and colleagues’ experimen- 
tal system, similar movements, at least for the 
pouches, were recapitulated outside the ‘head’ 
context. It is also noteworthy that, in contrast 
to the in vivo situation, these aggregates did 
not contain mesodermal or neural-crest tis- 
sues, despite data suggesting that at least the 
mesoderm’ is required for Rathke’s-pouch 
development. 

The authors’ also find that inhibition of 
the Notch signalling pathway — which is 
involved in cell-fate decisions and, in many 
systems, in progenitor maintenance versus 
differentiation — is sufficient to induce dif- 
ferentiation of corticotrophs, the endocrine 
cells of the anterior pituitary lobe that secrete 
adrenocorticotropic hormone. This observa- 
tion nicely recapitulates previous in vivo data”® 
obtained from Notch mutant mice. Cortico- 
trophs can also form spontaneously ex vivo, 


BOX1 


NEWS & VIEWS | RESEARCH | 


Development of the pituitary and hypothalamus 


Presumptive b 


Pp hypothalamus 


Neuroepithelium A 
Head fold 


Ectoderm L 


The ectoderm is the outermost layer of the 
embryo, and gives rise to the epidermal 
layer of skin and parts of its associated 
structures, such as the ears and eyes. 

a, During early embryonic development in 
vertebrates, a localized thickening called the 
hypophyseal placode forms at the midline 
of the rostral ectoderm (blue), adjacent 

to the part of the central nervous system 
that is the presumptive hypothalamus. 
This occurs as the head folds begin to take 


Hypophyseal 
placode 


when Rathke’s pouch is dissected out and 
maintained in culture””’. As all endocrine cell 
types begin to differentiate during the same 
period of development", ex vivo and in vitro 
corticotroph differentiation probably reflects a 
permissive context for this particular cell type 
at this early time point, rather than a cortico- 
troph-specific inductive event. Indeed, Suga 
et al. report differentiation, albeit less efficient, 
of all other anterior-lobe endocrine cell types. 
This is consistent with in vitro differentiation 
of all endocrine cell types from cellular spheres 
derived from adult pituitary stem and/or 
progenitor cells”. 

The authors convincingly show that their 
in vitro-generated corticotroph-containing 
aggregates are functional when grafted into 
mice in which the pituitary has been ablated. 
A previous study” also showed that progenitor 
cells from adult pituitary could differenti- 
ate in vivo, in vascularized microchambers. 
However, low cell yield and low differentiation 
efficiency were limiting factors for the use of 
cells obtained in this way in regenerative med- 
icine. By contrast, Suga et al. had access to an 
unlimited supply of cells to obtain endocrine 
cells in vitro. Theoretically, this means that 
endocrine cells may also be obtainable from 
patient-derived induced pluripotent stem 
cells, which would offer a real improvement 
for the management of pituitary-hormone 
deficits. 

More work is required to understand 
similarities and differences between in vivo 
and in vitro development of Rathke’s pouch, 
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shape, but, because they grow rapidly 
compared with the midline region, the early 
rostral regions are displaced posteriorly. 

b, Later in development, the hypophyseal 
placode remains in close contact with the 
presumptive hypothalamus, but changes 
shape as it is pulled upwards, towards the 
overlying neuroepithelium, to form Rathke’s 
pouch (RP). ¢, By mid-gestation, this simple 
epithelial invagination separates from the 
underlying ectoderm to form the definitive 


and to improve endocrine-cell differentiation 
— perhaps by including supporting tissues and 
vasculature, as the authors’ suggest. Obtain- 
ing adult cell types from embryonic stem cells 
in vitro has proved problematic’. It should 
therefore also be investigated whether the 
embryonic-like pituitary cells that Suga et al. 
generated are fully mature. 

Within the mature anterior pituitary lobe, 
the various cell types are linked together in 
complex networks that are thought to help 
coordinate hormone release in response to 
cues from the hypothalamus or the periph- 
ery’. As part of this response, cell mobility 
and the organization of these networks can 
change”. Is any of this mimicked in Suga and 
co-authors’ in vitro-derived pituitaries? Plas- 
ticity of the pituitary — whereby the relative 
proportions of different hormone-secreting 
cell types can change in response to events 
such as puberty, pregnancy and lactation — 
may also depend, in part, on populations of 
stem cells and their progenitor cells within 
the gland’. It will be interesting to see whether 
these cells are present in pituitaries generated 
in the lab. If so, it may be easier to study these 
cells’ origin and behaviour in vitro. 

Many mutations can cause pituitary defects. 
But it is not always clear whether these are 
intrinsic to specific cell types and aspects 
of pituitary development or due to second- 
ary constraints, imposed by abnormalities 
elsewhere that compromise inductive inter- 
actions. Suga and co-workers’ method should 
allow the question of how the various pituitary 
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Rathke’s pouch. d, Subsequent cell 
proliferation and differentiation events allow 
formation of the mature anterior pituitary 
lobe, which contains most of the pituitary’s 
endocrine cell types. Other pituitary 
components include the intermediate lobe, 
separated from the anterior lobe by the 
remnant of the Rathke’s-pouch lumen; the 
posterior lobe; and the pituitary stalk, which 
connects the gland to the hypothalamus. A, 
anterior; P, posterior; D, dorsal; V, ventral. 


defects develop to be addressed: it can be 
combined with the powerful technique of live- 
tissue imaging, which is difficult to apply to 
developing tissues in vivo. 

In recent years, the field of tissue engineer- 
ing has made considerable progress, especially 
with the use of natural and artificial matrices 
that can be seeded with tissue-specific stem 
cells to create various organs'*””. But perhaps 
— as this paper’ shows — early embryonic 
tissues already know what to do. Indeed, it 
has long been known that teratoma tumours, 
derived from pluripotent stem cells, can con- 
tain a complex mixture of tissues (such as 
teeth, skin and gut tissue), albeit in a haphaz- 
ard manner. What Suga et al. have achieved is 
to harness this ability to obtain a robust and 
directed system. Could it also work with simi- 
lar types of inductive event, such as those that 
lead to more complex organs, including the 
lungs, liver and pancreas“? | 
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Immune cells 
fuel the fire 


Regulation of body temperature by the nervous system is essential for 
physiological function in both health and disease. The immune system 
also seems to have a crucial role in this process. SEE LETTER P.104 


ANDREW J. WHITTLE 
& ANTONIO VIDAL-PUIG 


Il mammals, including humans, 

are homeotherms — they main- 

tain a constant body temperature 
regardless of their environment. This 
essential task is performed by brown fat 
tissue’. Whereas white fat is an energy 
storage depot, brown fat is equipped 
with a specialized form of mitochon- 
dria, cellular powerhouses, that can 
convert stored fat directly into heat 
through the process of thermogenesis’. 
To avoid energy wastage, this happens 
only when neurons connected to brown 
fat release chemical messengers called 
catecholamines. But neurons do not seem 
to be the only regulators of thermo- 
genesis. On page 104 of this issue, 
Nguyen et al.” show that a subset of 
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immune-system cells called macrophages Hssue 
is also essential for heat production in Alternative 

+ activation © 
brown fat*. o 


Thermogenesis is fundamental to 
the ability of mammals to balance 
their energy requirements with their 
nutritional stores. In rodents, the effec- 
tiveness of this process has implications 
or how easily the animals become obese, 
and there is increasing evidence for a 
similar relationship between thermo- 
genesis and body-weight regulation 
in humans’. The ability of white fat 
tissue to release lipids into the blood- 
stream as required, or remove them 
from it, is equally crucial. Humans in 
whom this process is disturbed through 
genetic defects become extremely ill: fat 
is inappropriately deposited in organs 


White fat 
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Heat 


a 


IL-4, other 
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Figure 1 | Role of macrophages in thermogenesis. 

In response to a reduced environmental temperature, 
the brain sends chemical signals (catecholamines) to 
white and brown fat tissues. Catecholamines activate 
brown fat to generate heat. The source of energy for 
heat production is lipids that are released by white fat 
in response to catecholamines and that reach brown fat 
through the bloodstream. Nguyen et al.’ report that IL-4, 
and perhaps other cytokines including catecholamines 
themselves, drive alternative (anti-inflammatory) 
activation of macrophages in both forms of fat tissue. 
The activated macrophages also secrete catecholamines 
to enhance and sustain the thermogenic response. 


*This article and the paper® under discussion 
were published online on 20 November 2011. 
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such as the liver, and in muscle, leading to 
diabetes*”. 

Macrophages are a frontline defence against 
anything that should not be present in the 
body. Being highly mobile, they infiltrate 
almost every tissue to consume and dispose 
of material that might be damaging. To fight 
pathogens, macrophages are transformed 
into pro-inflammatory machines that secrete 
catecholamines. Along with cytokine pro- 
teins, catecholamines regulate the intensity 
of the immune response at the site of infec- 
tion®. However, macrophages also exist in 
alternatively activated, anti-inflammatory 
forms that have a wide range of physiological 
roles. Nguyen et al. explore the regulatory role 
of alternatively activated macrophages in one 
such physiological task — thermogenesis. 

To induce thermogenesis, the authors” 
placed mice in a cold environment and found 
that the macrophages in the animals’ brown 
and white fat underwent a clear shift towards 
the anti-inflammatory form. Removal of the 
gene encoding the cytokine protein IL-4 or 
that encoding the IL-4 receptor from macro- 
phages — thereby preventing them from 
adopting the anti-inflammatory form — 
resulted in striking thermogenic defects. The 
mice could no longer effectively generate heat 
in their brown fat; they could not maintain 
their core body temperature in the cold; and 
they would probably have died after prolonged 
exposure to low temperatures. These defects 
were not solely caused by a problem in brown 
fat: white fat tissue did not respond to nerv- 
ous stimulation by releasing lipids into the 
bloodstream and so did not provide fuel for 
thermogenesis in the brown fat (Fig. 1). 

In obese people, macrophages in white fat 
tend to show increased pro-inflammatory 
activity’ and have been linked to insulin resist- 
ance and diabetes. In light of Nguyen and 
colleagues’ data, it might be that pro-inflam- 
matory macrophages cause a detrimen- 

tal response in obese states in which the 

fat tissue is under increasing pressure to 

expand. As fat cells become overburdened 
and begin to die, pro-inflammatory macro- 
phages would be expected to increase in num- 
ber to clean up the debris. This could limit the 
number of macrophages available for trans- 
formation into anti-inflammatory forms. In 
the absence of sufficient anti-inflammatory 
macrophages, the white fat may not efficiently 
respond to signals from the central nervous 
system, creating a state of dysregulated lipid 
release’® and metabolic inflexibility. 

Beyond the direct implications of these 
findings® for energy balance lie far-reaching 
issues for the entire field of animal research. 
Nguyen and co-authors’ observations sug- 
gest that, in some settings, the central nerv- 
ous system relies heavily on macrophages to 
mediate the appropriate peripheral response 
to normal physiological demands. But in 
animal studies, macrophages are often 


manipulated to create a range of models from 
those for Alzheimer’s disease to HIV infec- 
tion. Therefore, any published study that is 
based on the manipulation of macrophages 
may need to be re-examined, because sci- 
entists should ask whether the effects they 
observed were the result of direct manipu- 
lation of the immune system or a result of 
secondary alterations in the activity of the 
central nervous system. 

Addressing whether such genetic manipu- 
lations alter how the mouse brain ‘perceives’ 
its environment is beyond the scope of the 
present work. Furthermore, Nguyen et al. do 
not explore the proportional contribution of 
macrophages to nervous-system activity. What 
they do show, however, is that alternatively 
activated macrophages are key to how the 
body handles and burns its fat stores. In that 
respect, this specialized, widely distributed 
group of cells could represent a novel target 
for therapies for obesity and other fat-storage 
disorders. m 
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A puzzling ‘y-ray burst 


The population of y-ray bursts is sometimes enriched by perplexing events 
that challenge established theoretical models. Two teams get to grips with 
understanding one such event — the ‘Christmas’ burst. SEE LETTERS P.69 & P72 


ENRICO COSTA 


amma-ray bursts strike Earth’s 
G atmosphere from random directions 

in space about twice a day. In 1997, the 
discovery’ of the emission, or afterglow, that 
follows the prompt release of y-rays placed their 
progenitors in remote galaxies. The mecha- 
nisms put forward to explain the bursts and 
their afterglows are complex and differ from one 
to the next. Any theory for the origin of y-ray 
bursts must account for both the commonali- 
ties and the differences between them. Writing 
in this issue, Campana et al.’ (page 69) and 
Thone et al.’ (page 72) use two completely dif- 
ferent models to explain the especially unusual 
‘Christmas’ y-ray burst, so dubbed because it 
occurred on Christmas Day 2010. 

Although each one is a unique event, y-ray 
bursts (GRBs) can be roughly divided into two 
classes — long and short — according to the 
duration of the prompt emission. Long GRBs, 
which last from 2 seconds to a few minutes, 
are thought to originate from hypernovae, an 
unusual class of supernova. They involve the 
collapse of a massive star (a hundred times 
more massive than the Sun) that not only 
explodes as a supernova, but also generates two 
opposing high-speed jets of particles, leaving 
behind a black hole. If one of the jets happens 


to point towards an observer, a bright emis- 
sion — the prompt y-ray release — is detected. 

The GRB afterglow, which follows minutes 
after the initial burst and fades away over the 
course of weeks or months, is emitted at vari- 
ous wavelengths and is caused by the impact of 
the jet on the surrounding interstellar medium. 
Once the GRB fades away, the faint galaxy that 
hosts the collapsing star can be identified, and 
the distance of the GRB from Earth measured 
from the galaxy’s spectrum. Short GRBs, which 
typically last less than 2 seconds, are better 
explained by two neutron stars bound ina tight 
binary system. The stars produce gravitational 
waves and eventually merge to form a black 
hole, producing the GRB’s jets and afterglow 
in the process of merging. 

As GRB research has progressed, established 
models have been challenged by observations, 
even ofa single GRB. It is conceivable that the 
GRB population has been ‘polluted’ — or, alter- 
natively, enriched — by a few puzzling events 
that mimic GRBs but have a completely dif- 
ferent origin. One such event is the Christmas 
GRB, which was detected by the Swift satellite 
and is known technically as GRB 101225A. 
The Christmas GRB’s y-ray emission was 
exceptionally long — it lasted for at least half 
an hour — and the X-ray afterglow faded 
much faster than usual, an observation that is 
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incompatible with prevailing GRB models. The 
energy spectrum of the afterglow displayed a 
shape (the Planckian form) that is characteris- 
tic of a plasma whose electrons arrive at such an 
equilibrium that we can say that it has a certain 
temperature. Conversely, typical energy spec- 
tra of GRBs and their afterglows follow power 
laws that well describe the collision of materials 
at high velocities, such as that resulting from 
the impact of an explosion on its environment. 

If the Christmas GRB originates from a 
remote hypernova, as do long-lasting GRBs, 
why is it so unusual? Could it be a completely 
different phenomenon, only apparently similar 
to a GRB? So far, observations have not unam- 
biguously disclosed a host galaxy. The loca- 
tion of the GRB in the sky is such that it could 
belong to the Perseus arm of the Milky Way, 
butalso to a satellite of the Andromeda galaxy. 
In their studies, Campana et al.’ and Théne 
et al.’ and set out to address these questions 
and to explain the origin of the GRB. 

Thone et al.’ interpret a change in slope and 
colour of the Christmas GRB afterglow’s opti- 
cal emission as being due to the addition ofa 
supernova that emerges after 10 days, when the 
afterglow has almost vanished. By comparing 
the system with similar composite supernova— 
GRB objects, they derive a distance for the sys- 
tem of 1.6 gigaparsecs and an energy of about 
1.4x 10° erg, compatible with a typical GRB. 

Thone and colleagues posit that the GRB 
originates from a tightly bound binary system 
composed of a neutron star and a supergiant 
helium star. The helium star would transfer 
mass to the neutron star, and the system would 
evolve to a phase in which the stars would be 
surrounded by a common gas envelope pro- 
duced by the expansion of the external layers 
of the helium star. The neutron star and the 
core of the helium star would merge to form 
a black hole or a highly magnetized neutron 
star, known as a magnetar’, producing a GRB- 
like jet that would eventually emerge through 
the common envelope. The authors find that 
this model agrees with the observed thermal 
spectrum of the GRB. However, the case for 
the additional supernova, which would be 
unusually faint, is not compelling. There- 
fore, the deduced GRB distance from Earth 
is uncertain. Moreover, it isn’t clear whether a 
host galaxy exists. The only optical object seen 
near the position at which the GRB took place is 
point-like and extremely faint: were it a galaxy it 
would be the faintest ever to host a GRB. 

Meanwhile, Campana et al.’ revive a model 
proposed’ in 1973, soon after the discovery of 
GRBs. In this model, a minor body, such as a 
comet or an asteroid, flying by a neutron star 
at a distance of less than 5,000 kilometres, gets 
tidally disrupted, breaks into fragments and 
produces a multi-peak GRB. The authors” used 
recent models for tidal-disruption events® and 
further assumed that the debris of the minor 
body forms a transient disk around the star. 
They compared these models with the available 


data for the Christmas GRB and found that a 
model in which a minor body of 5 x 10” grams 
falls onto a neutron star in our Galaxy is 
in excellent agreement, in both temporal 
and spectral behaviour, with the data. 

Both hypotheses” are plausible and explain 
numerous and complex data. But at least one 
is wrong and the definitive proof — namely, 
unambiguous determination of the GRB’s 
distance from Earth — is missing. Théne and 
colleagues’ study raises several questions. 
How many binaries pass through a phase 
of a common envelope and produce GRB- 
like explosions? Do all jets emerge from the 
envelope, or is that the case for only a few of 
them? How highly collimated is the jet? But 
Campana and colleagues’ study also opens 
up queries. How many minor bodies pass in 
close proximity to neutron stars? And is the 
deduced mass for the minor body conceiv- 
able? The proposed mass is relatively large 
(and consequently rare) for an object in the 
Solar System, but larger bodies have actually 
been found to orbit neutron stars. We could 
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compute the likelihood of each hypothesis, 
and perhaps discard one on the basis of statis- 
tical considerations. Unfortunately, however, 
such a computation would inevitably involve 
considerable conjecture. 

In short, not much more can be said about 
the nature of the Christmas GRB — except that 
the odds are that the event is a rare phenom- 
enon that looks like a GRB but falls outside this 
category. Whatever the case, it’s hard to escape 
the fascination of a possible comet death on 
Christmas Day. = 
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Redox state of 
early magmas 


A study of cerium in zircon minerals has allowed an assessment of the redox 
conditions that prevailed when Earth’s earliest magmas formed. The results suggest 
that the mantle became oxidized sooner than had been thought. SEE LETTER P.79 


BRUNO SCAILLET & FABRICE GAILLARD 


prime goal of petrologists has been to 
A= the redox conditions of magmas 
produced throughout Earth's evolu- 
tion, because magmas are known to affect 
various major phenomena — such as the 
composition of volcanic emanations, which 
are widely believed to affect the composition 
of the atmosphere’. But research efforts have 
been hampered by the lack of rocks from the 
Hadean eon, which encompasses nearly the 
first half-billion years of Earth’s existence. 
On page 79 of this issue, Trail et al.’ report 
their analysis of the sole mineral survivors of 
the Hadean, zircon samples more than 4 bil- 
lion years old. Their findings allowed them to 
determine the ‘fugacity’ of oxygen in Hadean 
magmatic melts, a quantity that acts as a meas- 
ure of magmatic redox conditions. Unexpect- 
edly, the zircons record oxygen fugacities 
identical to those in the present-day mantle, 
leading the authors to conclude that Hadean 
volcanic gases were as highly oxidized as those 
emitted today. 
The continuous reshaping of the surface 
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and deep interior of our dynamic planet has 
inevitably resulted in the loss of evidence of 
Earth’s ancient composition. In this respect, 
Earth contrasts sharply with other planetary 
objects — particularly the Moon and Mars, 
which are largely unaffected by large-scale geo- 
dynamics. Thanks to the Apollo programme 
and to meteorites inferred to be of Martian 
origin, we have rock samples that provide direct 
testimonies of the Moon and Mars’s very early 
past. But the same cannot be said of Earth. 
Nevertheless, it is generally assumed that all of 
these bodies were chemically reduced when 
they first formed and then underwent either a 
gradual or stepwise oxidation’. 

One of the main arguments for a reduced 
start is that, during or soon after accretion, 
Earth must have entered a magma-ocean stage, 
when a sizeable part of the planet was molten 
because of the energy released by accretion 
processes’. A massive segregation process must 
then have occurred that separated metals from 
silicates, thus allowing the formation of the 
metallic core and the silicate-containing man- 
tle. The formation of Earth’s core is thought to 
have occurred 30 million to 60 million years 


after the beginning of the Solar System. The 
coexistence of silicate and metal liquids in the 
magma ocean would have made conditions 
severely reduced, with oxygen fugacity (f,,) 
5 to 8 log units below the current value for the 
upper mantle (Fig. 1). 

Assuming that such a reduced starting 
point is inescapable, how did Earth reach its 
modern oxidized state, and how fast did this 
happen? Persistent oxidizing conditions at 
Earth’s surface started when the planet was 
around 2.3 billion to 2.4 billion years old, a 
phenomenon known as the Great Oxidation 
Event’ (GOE). Rock analyses* suggest that the 
mantle’s redox state has been similar to its cur- 
rent state from as early as 3.8 billion years ago. 
Trail et al.’ wanted to look even further back in 
time, so they developed a technique for study- 
ing Hadean zircons, which are the only solids 
dating from the first 500 million years of 
Earths history that are known to have survived 
unchanged to the present day. By analysing the 
cerium content of the zircons and developing 
a method to calibrate their results, the authors 
were able to determine fo, for Hadean magmas. 

Their findings extend the mantle’s oxidized 
realm to almost 4.4 billion years ago. Although 
somewhat tenuous, this is the first direct evi- 
dence of the redox state of the earliest Earth. If 
the zircons analysed by the authors are repre- 
sentative of the Hadean eon, this result shrinks 
the duration of the reduced era of Earth’s 
mantle to less than 150 million years. It also 
increases the lag time between the oxidation 
of the mantle and the subsequent oxidation 
of the atmosphere (the GOE; Fig. 1), which 
might seem to make it difficult to establish 
a direct connection between the two events. 
However, redox changes upon the release of 
gas from magmas’ and changes in the pressure 
of volcanic degassing® could explain why the 
atmospheric GOE happened so long after the 
mantle’s oxidation. But what was the cause of 
the mantle’ great oxidation event? 

Planetary-scale geodynamics is often cited 
as a mechanism for bringing oxidized mater- 
ial into the deep, reduced mantle, and water 
is thought to be responsible for oxidation’. 
This concept is deeply entrenched among 
geologists, although the details of the redox 
mechanisms involved remain unknown. 
Although a matter of strong debate*”, Earth’s 
current budget of volatile compounds (includ- 
ing water) seems to have been reached no later 
than 100 million years after core formation, 
and so volatiles may have fuelled the mantle’s 
great oxidation at about that time (Fig. 1). 
However, it is known that terrestrial mag- 
mas do not necessarily have a high oxidation 
state, even if volatiles are abundant’”"’, and 
that the Moon's reduced lavas contain a sub- 
stantial amount of volatiles’. Taken together, 
these facts argue against the existence of an 
unequivocal relationship between high fo, and 
the abundance of volatiles. 

But the accretion of volatiles into Earth’s 
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Figure 1 | Evolution of the redox state of Earth’s mantle. The oxygen fugacity ( f,,, measured in bar) of 
the mantle — a measure of the mantle’s redox state — has varied over time. Here, log fo, is plotted relative 
to a standard value (known as the iron-wiistite buffer; IW); the scale on the x-axis is logarithmic. At first, 
the mantle was highly chemically reduced, but it became more oxidized as Earth's accretion proceeded 
and as core-mantle redox equilibration occurred (blue arrow). Meteorite bombardment may have 
contributed to oxidation of the mantle* (orange dotted arrows) once it had segregated from the core. A 
‘great oxidation event’ in the mantle (black dotted arrow) then occurred, in which fo, rapidly increased. 
On the basis of their analysis of 4.4-billion-year-old zircon samples, Trail et al.” report that the mantle’s 
redox state about 100 million years after core-mantle separation (green box, left) was similar to that of 
the present-day lithospheric mantle (green box, right). The most highly oxidized mantle melts are the 
most recent — the arc magmas (red box) that formed as a result of crust-mantle exchanges triggered by 
subduction. The timing of some key events in Earth’s history are indicated, along with the times when the 
oldest rock and zircon samples were formed; GOE is the Great Oxidation Event. 


bulk is not the only possible mechanism for 
oxidation of the mantle. Experiments have 
shown” that, at the pressure of the lower man- 
tle, iron(i1) oxide is converted into iron metal 
and iron(111) oxide — which means that large 
bodies such as Earth can self-oxidize their 
mantle, whereas smaller ones cannot (or do so 
to a lesser extent). In other words, a nominally 
dry mantle can be oxidized. This mechanism, 
however, would require that wholesale mantle 
convection and mixing occurred within a short 
period of time (less than 100 million years). 

Alternatively, changes in the mantle’s redox 
state could have occurred if the early magma 
ocean crystallized and degassed, because of 
the redox effect of degassing’ and the greater 
affinity of iron(11) for liquid relative to 
minerals” (the iron(111) would have become 
concentrated in the residual liquid, thus 
increasing the oxidation state of the liquid). 
Such processes would probably have affected 
the entire mantle and would not have required 
large-scale convection. 

Clearly, many parts of Earth’s early evolution 
are still obscured by poor preservation of the 
geological record and by our limited know- 
ledge of the mechanisms that drive magmatic 
redox patterns. Even so, the zircon record 
revealed by Trail et al.’ firmly anchors one of 
the first redox steps of the infant Earth. This 
extraordinary tale is certainly not finished, 
and future work will augment the existing 
data — perhaps the discovery of other zircon 
samples will allow fo, to be determined for 
even more highly reducing conditions at 


earlier periods of Earth’s history, thereby 
refining our knowledge about what fo, rep- 
resents. Also much needed are experimental 
or modelling studies aimed at understanding 
the mechanisms of redox processes in magma, 
and the extent to which redox state reflects 
either the origins of magmas or later processes 
that affect them. m 
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The case against climate regulation via 
oceanic phytoplankton sulphur emissions 


P. K. Quinn! & T. S. Bates! 


More than twenty years ago, a biological regulation of climate was proposed whereby emissions of dimethyl sulphide 
from oceanic phytoplankton resulted in the formation of aerosol particles that acted as cloud condensation nuclei in the 
marine boundary layer. In this hypothesis—referred to as CLAW—the increase in cloud condensation nuclei led to an 
increase in cloud albedo with the resulting changes in temperature and radiation initiating a climate feedback altering 
dimethyl sulphide emissions from phytoplankton. Over the past two decades, observations in the marine boundary 
layer, laboratory studies and modelling efforts have been conducted seeking evidence for the CLAW hypothesis. The 
results indicate that a dimethyl sulphide biological control over cloud condensation nuclei probably does not exist and 
that sources of these nuclei to the marine boundary layer and the response of clouds to changes in aerosol are much more 
complex than was recognized twenty years ago. These results indicate that it is time to retire the CLAW hypothesis. 


radiation reaching Earth’s surface by altering cloud droplet 

number concentration and size and, as a result, cloud reflectivity 
or albedo’. CCN are atmospheric particles that are sufficiently soluble 
and large enough in diameter to take up water vapour and serve as nuclei 
for cloud droplet formation. For the range of water supersaturations 
typical of marine boundary layer (MBL) clouds and the chemical com- 
position of marine aerosols, the CCN population is dominated by particles 
between 40 and 300nm in diameter. Although particles larger than 
300 nm will activate to form cloud droplets regardless of composition, 
there are relatively few particles of this size. It is therefore the particles less 
than 300 nm in diameter that determine the CCN concentration in the 
remote MBL and that have the potential to change cloud properties. 

Marine phytoplankton produce the osmolyte dimethylsulphonium pro- 
pionate, which undergoes enzymatic cleavage to form dimethyl sulphide 
(DMS). Both dimethylsulphonium propionate and DMS scavenge reactive 
oxygen species and act as antioxidants under conditions of high ultraviolet 
radiation and oxidative stress**. DMS is the dominant volatile sulphur 
compound in ocean surface waters and is the most significant biological 
source of gaseous sulphur to the remote marine troposphere’. After emis- 
sion to the atmosphere, DMS is oxidized by the hydroxyl radical to form 
SO, and methane sulphonic acid (MSA)°. SO, can be taken up by particles 
directly or be further oxidized to H,SO4. H2SO, can combine with other 
gas-phase species to form solid particles (homogeneous nucleation), while 
both H,SO, and MSA can condense onto existing particles contributing to 
the growth of those particles (heterogeneous nucleation). The end result is 
a particulate phase containing SO," and, to a lesser extent, methane 
sulphonate (MSA) derived from oceanic DMS. 

In the 1980s, it was hypothesized that DMS-derived sO made up 
the majority of the CCN in the MBL distant from continental and 
anthropogenic aerosol sources®’. The CLAW hypothesis, named after 
the four authors of the Charlson et al.’ study, was based on data available 
at the time that indicated that (1) non-sea-salt sulphate was ubiquitous 
in submicrometre marine aerosol*” and (2) concentrations of sodium 
containing particles at cloud height were negligible (thus ruling out sea 
salt particles as a source of CCN)'°. Organic species were not considered 
because little was known about their concentration and composition in 
the marine atmosphere. 


C loud condensation nuclei (CCN) can affect the amount of solar 


The CLAW hypothesis further postulated that an increase in DMS 
emissions from the ocean would result in an increase in CCN, cloud 
droplet concentrations, and cloud albedo, and a decrease in the amount 
of solar radiation reaching Earth’s surface. A reduction in solar 
radiation could result in a change in the speciation and abundance of 
phytoplankton producing dimethylsulphonium propionate, thus setting 
up a climate feedback loop between cloud albedo and surface ocean 
DMS concentrations (Fig. 1). The proposed climate feedback loop 
requires (1) that DMS is a significant source of CCN to the MBL, (2) 
a change in DMS-derived CCN yields a change in cloud albedo, and (3) a 
change in cloud albedo, surface temperature, and/or incident solar radi- 
ation leads to a change in DMS production. If any one step in the 
feedback loop shown in Fig. 1 has a small response, the proposed bio- 
regulation of climate will be minimal. 

The introduction of the CLAW hypothesis spawned 25 years of 
research in the fields of biological oceanography, atmospheric chemistry, 
and climate science in search of evidence for a biological regulation of 
climate due to marine sulphur emissions. Below we re-evaluate the indi- 
vidual steps in the feedback loop in the context of results from measure- 
ment and modelling studies conducted over the past two decades and 
conclude that a DMS bioregulation of climate is prevented by a weak 
sensitivity to change in each step of the feedback loop. 


DMS as a source of CCN to the remote MBL 


The strongest evidence for the first step in the CLAW feedback loop (the 
link between DMS emissions and CCN concentrations) is the coherence 
in the seasonal cycles of DMS, its particulate phase oxidation products 
(non-sea-salt SO. and MSA _), and CCN. At Cape Grim, Tasmania, a 
remote Southern Ocean sampling site, concentrations of atmospheric 
DMS, non-sea-salt SO," MSA and CCN all peak in the summer and 
are at a minimum in the winter as is expected for parameters controlled 
by biological activity'’’’. Similar measurements of DMS and CCN made 
in the boundary layer over the tropical South Atlantic’’ and the north- 
east Pacific Ocean’ found that 40% to 50% of the variance in CCN 
concentrations could be explained by DMS. The South Atlantic obser- 
vations also revealed significant correlations between non-sea-salt SO,” 
or MSA’ mass concentrations and CCN"’. Although these observations 
provide evidence for the atmospheric chemistry portion of the CLAW 
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Figure 1 | Modified diagram of the climate feedback loop proposed by ref. 7. 
DMS, a breakdown product of phytoplankton-produced dimethylsulphonium 
propionate, undergoes sea-to-air transport. Once in the atmosphere, it is 
oxidized and these oxidation products undergo homogeneous nucleation to 
form new, water-soluble particles in the MBL. These particles become CCN and 
increase the number concentration of cloud droplets and cloud albedo. The 
resulting decrease in temperature at the surface of Earth and incident solar 
radiation then affect the rate of DMS production. The proposed climate 
feedback loop requires a strong response in each of the following steps: (1) a 
change in seawater DMS production leads to a significant change in MBL CCN 
concentration, (2) a change in DMS-derived CCN yields a change in cloud 
albedo, and (3) a change in cloud albedo, surface temperature, and/or incident 
solar radiation leads to a change in DMS production. The three steps are 
labelled in the figure. 


hypothesis (that is, the conversion of SO,” and MSA~ into CCN shown 
in step 1 of Fig. 1), they do not indicate the sensitivity of CCN concen- 
tration to a change in DMS emission. In addition, they do not rule out 
other sources of CCN. Measurements of the chemical composition of 
particles in the CCN size range are needed to assess all sources of CCN to 
the MBL. 


Non-DMS sources of MBL CCN 


Identification of the sources that contribute to MBL CCN requires direct 
chemical analysis of single particles with diameters less than 300 nm. 
Such measurements are sparse. Those measurements that have been 
reported are based on electron microscopy coupled with X-ray ana- 
lysis'*"'°, X-ray spectromicroscopy”’”’ and laser mass spectrometry’*. 
In addition, chemical composition has been inferred by comparing 
unheated and heated number size distributions with subsequent quan- 
tification of the volatile and refractory fractions of the aerosol’’. Below 
we discuss what is known about the composition of CCN in the remote 
MBL on the basis of these measurement techniques and reveal the 
significance of sea salt and non-DMS organics. 

Single-particle analysis of aerosol samples collected over the open 
ocean in the mid-Pacific reveal that non-sea-salt SO,”" exists in CCN- 
size particles’*'® and that the number concentration in this size range can 
be dominated by particles containing sulphate’. At the same time, there 
is a lack of observations of pure acidic $O,?" or (NH4)2SO4 particles in the 
MBL. Measurements made on the outer edge of the Great Barrier Reef 
and over the central Arctic Ocean reveal organic inclusions within 
(NH4)2SO, particles'*. The organic inclusions appear to act as nuclei 
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for the condensation of gas-phase DMS oxidation products. Similarly, 
measurements of aerosol composition at Cape Grim indicate that 
particles formed through the condensation of sulphur-containing gases 
grow only by coagulating with sea salt and organics'*. DMS will increase 
the CCN number concentration through coagulation and condensation 
only if it allows a particle to grow and/or become sufficiently soluble to 
activate to form a cloud droplet when entrained into a cloud. If the sea salt 
or organic particle was already sufficiently large to serve as a CCN, the 
addition of DMS-derived sulphur to the particle will not increase the 
number of CCN. 


Sea salt as a source of MBL CCN 

Unambiguous identification of sea salt as CCN requires the determina- 
tion of the number concentration of sea-salt-containing particles in 
those particles with diameters less than 300 nm. Though few, there are 
measurements based on direct chemical techniques that provide evid- 
ence for sea salt as CCN. Measurements on the coast of Oahu, Hawaii, 
with an instrument that detects emission from thermally excited sodium 
atoms reveal the presence of sodium-containing particles down to the 
instrumental cut-off diameter of 200 nm (ref. 23). Manual transmission 
electron microscopy with energy dispersive X-ray analysis of aerosol 
samples collected over the Southern Ocean finds that up to 50% of the 
particles in the 50-150-nm size range contain sea salt'*. This percentage 
corresponds to a number concentration of sea-salt-containing particles 
of up to 100 per cubic centimetre, a significant fraction of the typical 
MBL CCN concentration”. 

Indirect measurements based on volatility have been used over the past 
several decades to infer the contribution of sea salt to the remote MBL 
particle population. Volatile, or non-refractory, aerosol chemical species 
such as H,SO,, ammonium sulphates, and simple organics evaporate or 
decompose at temperatures below 300°C (ref. 24). Refractory species, 
including dust, sea salt and large organic polymers, must be heated to 
over 600°C for thermal decomposition to occur”*”’. Flights across the 
Atlantic reveal that, at altitudes near 400 m, 20% of the measured CCN 
survived heating to 650°C (ref. 25). The fraction of refractory nuclei 
decreased with altitude, indicating an ocean source. A similar volatility 
analysis onboard a research cruise in the northeast Atlantic found that 
for maritime, high-wind-speed air masses (14-17ms '), 40% of the 
particles with diameters between 100 and 240 nm contained a refractory 
component like sea salt”®. 

The most compelling evidence for sea salt as CCN is provided by single- 
particle chemical analysis of residual particles that remain after water is 
evaporated from cloud droplets. Measurements of aerosol particles that 
were sampled below stratocumulus clouds over the southeast Pacific 
revealed that half of the particles less than 200 nm in diameter contained 
sulphate. In contrast, the majority (60%) of the residual particles from 
evaporated cloud droplets—that is, the particles that had acted as CCN— 
was sea salt””. This result is due to the lower supersaturation required for 
sea salt to activate and form cloud droplets compared to other species, 
including sulphate, for a given particle size. The experiments described 
above, as well as others carried out over the past several decades’*”*, 
show that sea-salt-containing particles in the CCN size range are present 
in marine air masses. Hence, contrary to what was assumed 25 years 
ago, observations show that sea salt makes up a large fraction of MBL 
CCN. 


Organics as a source of MBL CCN 

Ocean surface waters contain large concentrations of small particulates 
including phytoplankton, algae, bacteria, viruses, fragments of larger 
organisms and organic detritus””°. Phytoplankton release or exude 
organic matter during growth, predation by grazing organisms and viral 
lysis*'. The resulting pool of organic matter contributes to one of the 
largest active reservoirs of organic carbon on Earth” and consists of 
every class of carbohydrate*’. This pool of organic matter is often 
referred to as dissolved organic matter but may contain colloidal material 
that is not truly dissolved. A growing body of evidence shows that this 
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seawater-dissolved organic matter is similar to organic material found in 
atmospheric aerosols’. 

Phytoplankton exudates include exopolymer gels consisting of 
polysaccharides that bind together smaller organic molecules such as 
amino acids, proteins and peptides**. Exopolymer gels are insoluble, 
thermally stable, highly surface active, highly hydrated and readily 
sequester dissolved organic matter*’. Exopolymer gels bind small 
organic particulates into aggregates. It has been hypothesized that these 
aggregates are injected into the atmosphere through bubble bursting at 
the ocean surface, thereby contributing to the primary organic aerosol 
found in the remote MBL'*”*. Once in the atmosphere, the exopolymer 
gels that bind the aggregates and particles together are degraded with 
ultraviolet light or acidification. Transmission electron microscopy ana- 
lysis on particles collected during the summer at Cape Grim and other 
remote ocean sites have revealed the existence of individual particles 
with diameters between 70 and 200 nm containing organic matter in the 
form of exopolymer gels and airborne marine aggregates composed of 
exopolymer gels, aggregates of organic particles and marine micro- 
organisms'”***’, It has been suggested that the size and solubility con- 
tinuum of phytoplankton exudates that exists in sea water is reflected in 
nascent sea spray particles*’. This mechanism for the production of 
organic sea spray aerosol is depicted in Fig. 2. 

Observational evidence for an organic source of CCN to the MBL is 
considerable. Measurements of northeast-Atlantic air masses made on 
the coast of Ireland reveal increased mass concentrations of organics, 
primarily water insoluble, in sub-500-nm particles during the summer 
bloom period**. Aerosol organic matter recently measured in samples 
collected in remote regions of the North Atlantic and Arctic oceans is 
reported to be composed of carbohydrate-like compounds containing 
organic hydroxyl groups from ocean emissions”’. The abundance of 
carbohydrate material measured in these aerosol samples is consistent 
with observations made over the past decade. A review of over ten 
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Figure 2 | Ocean-derived source of organics to the MBL CCN population. 
Phytoplankton are the primary source of organic matter in the ocean. The large 
pool of dissolved organic matter composed of all major classes of carbohydrates 
resides within the ocean photic zone and is derived from phytoplankton 
growth, grazing by predators and viral lysis. Also residing within the photic 
zone are small particulates composed of other algae, bacteria, viruses, fragments 
of larger organisms and organic detritus. This organic matter becomes bound 
together by exopolymer gels secreted by marine organisms. The resulting 
aggregates are injected into the atmosphere through bubble bursting and 
contribute to the MBL CCN population either directly or after degradation by 
ultraviolet light or acidification. 


REVIEW 


years of measurements of marine organic aerosol concluded that this 
ocean-derived aerosol is composed of polysaccharides, proteins and 
amino acids, and microorganisms and their fragments”’. 

Recently, several studies have been performed involving the genera- 
tion of nascent aerosols from sea water to avoid interference from con- 
stituents in the marine atmosphere that could modify newly emitted 
particles®. Despite the use of different methods in these experiments, 
several generalities can be made regarding the characteristics of nascent, 
ocean-derived particles. All experiments show a dominant submicro- 
metre mode in the particle number size distribution with a peak dia- 
meter between 50 and 100 nm (refs 40-42). In addition, organics are 
significantly enriched in submicrometre particles with the degree of 
enrichment increasing with decreasing particle size***’. These studies, 
along with the similarities between the composition of organic matter 
sampled in the ocean microlayer and in atmospheric aerosol*’, provide 
further evidence for an organic, wind-driven source of CCN to the MBL. 


The MBL CCN budget 


Under the CLAW hypothesis, an increase in the emission of DMS from 
the ocean results in an increase in the number of particles that act as 
CCN by either (1) the homogeneous nucleation of new particles in the 
MBL involving HSO, or (2) the growth of existing particles to CCN- 
size through condensation of SO, H,SO, or MSA. Whether gas-phase 
species undergo homogeneous nucleation or condense onto existing 
particles depends, in part, on the surface area of the existing particles. 
If sufficient surface area is available, it provides a sink for condensable 
vapours and new particle formation is prevented***’. Model calculations 
indicate that if precipitation removes pre-existing aerosol, thereby redu- 
cing aerosol surface area, homogeneous nucleation of new particles can 
occur under moderate DMS concentrations*®. There is observational 
evidence for particle nucleation in the MBL under conditions of low 
particle surface area***’, but it is limited. In addition, in these and other 
cases**°°, there is no evidence that the events led to particles large 
enough to be CCN. Hence, for conditions most typical of the marine 
atmosphere (large surface area of existing, primarily sea-salt particles 
and low SO) concentrations*’), boundary layer nucleation due to DMS- 
derived sulphur and water vapour has little theoretical*® or observational 
basis. 

Unlike the remote MBL, observations of HSO,-initiated particle 
nucleation in the free troposphere near cloud top height are numer- 
ous’”*?*°, Gases, including DMS, and particles are entrained from the 
MBL into clouds. Clouds scavenge or capture the particles so that the air 
that is detrained from the cloud contains very low aerosol surface area 
concentrations”’. The nucleation of new particles observed at cloud top 
height is a result of reactive gases such as DMS being pumped up to the 
upper troposphere through deep convective clouds. Once aloft, the 
reactive gases undergo gas-to-particle conversion in cloud outflow 
regions where the existing particle surface area is low, water vapour 
concentrations are high, and the actinic flux is high*”. Simple box 
models” as well as advanced three-dimensional global models” indi- 
cate that subsidence of particles from the free troposphere can explain a 
significant fraction of the CCN measured in the MBL. Hence, measure- 
ments and model calculations published since the introduction of the 
CLAW hypothesis indicate that DMS-derived sulphate contributes to 
MBL CCN concentrations via particle nucleation in the free troposphere 
rather than in the boundary layer itself. After formation in the free 
troposphere, the particles may be transported thousands of kilometres 
before mixing down into the MBL. Asa result, regions of high-DMS sea- 
to-air fluxes do not correlate with regions of high DMS-derived CCN 
concentrations®’. The spatial decoupling between DMS production and 
entrainment of DMS-derived particles into the MBL prevents a local 
marine biota-climate feedback loop® ®. 

DMS emissions are required for models to reproduce the observed 
seasonal cycle in CCN at Cape Grim. Over the Southern Ocean (30° S to 
45° S) model estimates indicate that DMS emissions increase CCN con- 
centrations during the summer by 46% with emissions of sea salt 
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accounting for the majority of the remainder®'. The majority of the 
summertime DMS-derived CCN is a result of particle nucleation in 
the free troposphere. Only a small fraction (6%) of DMS oxidation 
products contribute to condensational growth of sea salt to CCN sizes 
because most of the sea salt is large enough to be CCN without further 
growth. Further south (>45° S), the contribution of DMS to the MBL 
CCN population decreases owing to high wind speeds that result in a 
large sea-salt source. During winter, sea-salt emissions account for over 
80% of CCN. Additional modelling results confirm a significant sea-salt 
source of CCN. In remote ocean regions under conditions of high wind 
speeds, emissions of sea salt have been calculated to increase CCN con- 
centrations up to 500% above a DMS-derived CCN background con- 
centration’. The inclusion of emissions of sea-salt particles with 
diameters between 10 and 100 nm is required to explain observed particle 
number concentrations in these regions. Finally, model results indicate 
that ocean emissions of organics provide a significant source of sub- 
micrometre aerosol mass and number to the MBL”. Without inclusion 
of organics, CCN concentrations in the MBL are underestimated®. The 
large contribution of wind-driven sea spray containing both sea salt and 
organics to the MBL CCN population prevents DMS from being the sole 
source of MBL CCN, which weakens step 1 of the CLAW feedback loop. 


Sea spray aerosol production fluxes 

Although recent advancements in global models have allowed for the 
estimation of MBL CCN budgets, large uncertainties in these estimates 
remain due, in large part, to uncertainties in sea-spray aerosol produc- 
tion fluxes. Model calculations of the diameter and number concentra- 
tion of sea-spray-derived CCN are highly sensitive to emission 
parameterizations of sea salt and organics. Yet estimates of the size- 
dependent production flux of sea-salt aerosol vary by an order of mag- 
nitude, with even larger differences occurring in the size range most 
relevant for CCN formation™. Furthermore, accurate parameterizations 
of oceanic emissions of organics are complicated by the patchiness of 
biological productivity in ocean surface waters. Amounts of chlorophyll 
a derived from satellite observations have been used as a proxy for ocean 
biological activity in efforts to parameterize emissions of organics®. This 
approach is only able to account for 25% of the variance in the water 
insoluble organic aerosol mass concentration, indicating that chloro- 
phyll represents only a small fraction of the parameters involved in 
controlling concentrations of organics in ocean surface waters. 

The large pool of dissolved organic matter resulting from phytoplankton 
secretions has not been detected with satellite retrievals of chlorophyll, 
nor have non-phytoplankton particulates (bacteria, viruses, fragments of 
larger organisms and organic detritus). Hence, there is a need for a sea- 
spray source function that accounts for this additional source of organic 
matter. Recently developed source functions of sea-spray-derived 
organic aerosol include more complex biological processes whereby the 
organic component is derived from seawater diatoms”. The parameter- 
ization incorporates retrievals of chlorophylla diatom biomass from 
satellites and first-order approximations of the amount of total organic 
matter resulting from diatom growth, predation by grazing organisms 
and viral lysis. Although large uncertainties in the source function exist, 
this approach acknowledges the complexities involved in relating sea- 
water organic matter to emissions of sea spray organic aerosols. Field 
observations involving multiple experimental approaches are required to 
constrain the production fluxes of sea spray (including sea salt and 
organics) and to reduce the uncertainties in model-calculated distribu- 
tions of CCN over the world’s oceans™. 


The DMS-cloud albedo climate feedback 


Global-scale models have been used to determine the sensitivity of CCN 
to an increase in the emission of DMS for both present-day and globally 
warmed scenarios”. For the Southern Hemisphere, the summertime 
sensitivity for present-day DMS fluxes is about 0.07, indicating a 
0.07% increase in total CCN (from all sources) that is attributable to a 
1% increase in the flux of DMS. The sensitivity is lower for the Northern 
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Hemisphere (0.02%), where the aerosol abundance from all sources is 
higher. Global warming is predicted to lead to a shallowing of the ocean 
mixed-layer depth accompanied by an increase in solar radiation dose in 
the upper mixed layer. Under a globally warmed scenario of a 50% 
increase in CO2, one model estimate indicates that the DMS flux will 
increase by 1%, which yields only a ~0.1% increase in the global CCN 
concentration®*. This low sensitivity is due to the abundance of MBL 
CCN derived from non-DMS sources. Other coupled ocean-atmosphere 
general circulation models have been used to study the impact of climate 
change on marine DMS emissions and CCN and have found only a weak 
positive global response of sulphate aerosol to increased CO) (ref. 67). As 
a result, only very large changes in the flux of DMS to the atmosphere 
would result in a significant impact on CCN concentration. This low 
sensitivity between DMS flux and CCN concentration contributes to 
the weak link in step 1 of the CLAW hypothesis. 

The CLAW hypothesis (as proposed) assumed that, for a fixed content 
of liquid water in cloud, an increase in the concentration of CCN would 
lead to an increase in cloud albedo (see step 2 of Fig. 1). Charlson et al.’ 
calculated that a 30% increase in CCN concentration would cause an 
increase in planetary albedo sufficient to decrease global mean surface 
temperature by 1.3K. As described above, the sensitivity of CCN to the 
sea-to-air flux of DMS is very low, such that a 30% increase in CCN 
concentration would require a 300% increase in the DMS flux. 
Furthermore, studies performed over the past decade with high-resolution 
models have revealed mechanisms that occur on cloud micro- and macro- 
physical scales that can buffer or are counter to an increase in cloud albedo 
that would be attributable to an increase in CCN®”. 

Aerosols can affect not only cloud microphysics (cloud droplet size 
and number concentration) but also cloud macrophysics (cloud fraction, 
size and morphology)’”*”’. For example, for a regime of non-precipitating 
clouds, dynamic feedbacks resulting from aerosol perturbations on 
clouds can decrease cloud fraction”’. An increase in CCN concentration 
results in faster evaporation rates owing to smaller cloud droplets. The 
faster evaporation rate leads to enhanced entrainment of subsaturated air 
surrounding the cloud and a decrease in cloud fraction. In this case, the 
aerosol effect of an increase in cloud albedo is lessened by the reduction in 
cloud fraction’'. Parameterizations that do not consider aerosol-induced 
changes in cloud macrophysics may misrepresent the overall impact of 
aerosol-cloud interactions. By assuming a high sensitivity of CCN to the 
flux of DMS and considering only a highly simplified relationship 
between aerosol and cloud albedo, Charlson et al.’ probably significantly 
overestimated the response of cloud albedo to changing CCN concentra- 
tions in step 2 of the CLAW hypothesis. 

Step 3 of the CLAW hypothesis assumes that changes in cloud albedo, 
surface temperature and/or incident solar radiation lead to changes in 
the production of DMS. This step is supported by time-series measure- 
ments that show a seasonal correlation between levels of downwelling 
solar radiation and ocean surface mixed-layer DMS concentrations*”’. 
In the low-chlorophyll waters near Bermuda, upper-ocean DMS con- 
centrations appear to be related to the availability of incident ultraviolet 
radiation”. This correlation does not reveal information about the sens- 
itivity of DMS production to changes in solar radiation, however. Model 
calculations indicate that an increase in the solar radiation dose to the 
ocean upper mixed layer due to a 50% increase in the atmospheric 
concentration of CO) results in only a ~1% increase in global DMS 
ocean surface concentrations’’. Other model simulations indicate that 
changes in DMS emissions due to changes in temperature and irradi- 
ance that affect ocean primary productivity are small’*. This low sensi- 
tivity of seawater DMS concentrations to a global warming scenario 
indicates that the response in step 3 of the CLAW feedback loop is weak. 


The post-CLAW view of MBL CCN 

In 1987, Charlson et al.’ hypothesized that oxidation products of bio- 
genically produced DMS account for the bulk of the CCN number 
concentration in the remote MBL, thus providing a link between marine 
biota and climate. Field and laboratory experiments performed over the 
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Figure 3 | Major sources and 
production mechanisms for CCN 
in the remote MBL. DMS 
contributes to the MBL CCN 
population primarily via particle 
nucleation in the free troposphere in 
cloud outflow regions with 

4 subsequent subsidence. Sea salt and 
organics are emitted as a result of 
wind-driven bubble bursting. 
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The adenohypophysis (anterior pituitary) is a major centre for systemic hormones. At present, no efficient stem-cell 
culture for its generation is available, partly because of insufficient knowledge about how the pituitary primordium 
(Rathke’s pouch) is induced in the embryonic head ectoderm. Here we report efficient self-formation of 
three-dimensional adenohypophysis tissues in an aggregate culture of mouse embryonic stem (ES) cells. ES cells 
were stimulated to differentiate into non-neural head ectoderm and hypothalamic neuroectoderm in adjacent layers 
within the aggregate, and treated with hedgehog signalling. Self-organization of Rathke’s-pouch-like 
three-dimensional structures occurred at the interface of these two epithelia, as seen in vivo, and various endocrine 
cells including corticotrophs and somatotrophs were subsequently produced. The corticotrophs efficiently secreted 
adrenocorticotropic hormone in response to corticotrophin releasing hormone and, when grafted in vivo, these cells 
rescued the systemic glucocorticoid level in hypopituitary mice. Thus, functional anterior pituitary tissue self-forms in 


ES cell culture, recapitulating local tissue interactions. 


The adenohypophysis, corresponding to the anterior and intermediate 
lobes of the pituitary gland, contains several types of endocrine 
cells, which secrete systemic hormones such as adenocorticotropic 
hormone (ACTH), GH, LH/FSH, TSH and prolactin’® in response 
to hypothalamus-derived releasing hormones. In contrast, the neuro- 
hypophysis (posterior pituitary) consists of the axons and secretory 
termini of hypothalamic vasopressin and oxytocin neurons. During 
early mammalian development, the adenohypophysis anlage origi- 
nates as a placode in the non-neural head ectoderm rostral and adja- 
cent to the anterior neural plate** (Supplementary Fig. 1a) (hereafter, 
this part of non-neural ectoderm, expressing region-specific markers 
Pitx] and Pitx2, is simply referred to as rostral head ectoderm; this 
includes the oral ectoderm as a large part). The thickened placodal 
epithelium invaginates and subsequently detaches from the oral 
ectoderm, becoming a hollowed epithelial vesicle, Rathke’s pouch 
(Fig. la, b and Supplementary Fig. 1b, c). The development of 
Rathke’s pouch depends on tissue interactions between the rostral head 
ectoderm and the rostral hypothalamus**. We sought to recapitulate 
this interactive microenvironment of the pituitary-forming morpho- 
genetic field using three-dimensional ES cell culture. 


Juxtaposing ectodermal layers formed in culture 


Mouse ES cells can be induced to differentiate into rostral hypothalamic 
tissues when cultured as floating aggregates (typically 3,000 cells per 
aggregate) in a chemically defined medium lacking extrinsic growth 
factors (including no insulin; hereafter referred to as SFEBgq culture’). 
However, quantitative polymerase chain reaction (qPCR) analysis 
found only low expression levels of the rostral head ectoderm marker 
Pitx2 in SFEBq-cultured ES cells (Fig. 1c). Because the embryonic 
anlage for rostral head ectoderm and hypothalamic neuroectoderm 
are adjacent (Supplementary Fig. la-c), we wondered if a slight shift 
in positional information could promote the simultaneous genera- 
tion of both tissues within the same aggregate in SFEBq culture. We 
experimentally tested several culture conditions known to affect early 


ectodermal patterning’ '’, and found two that substantially 
increased Pitx2 expression levels (Fig. 1d and data not shown): a large 
cell-aggregation (LCA) culture (red; starting differentiation culture at 
10,000 cells per aggregate, instead of 3,000; Supplementary Fig. 2a) 
and bone morphogenetic protein 4 (BMP4) treatment (blue; 
0.5 uM, days 0-7). BMP4 plus LCA also increased Pitx2 expression, 
but no clear additive effects were seen over LCA alone (Supplementary 
Fig. 2b). 

In the LCA culture, both Pitx1/2* rostral head ectoderm tissue and 
Rx” neural tissue formed continuous epithelia within the ES cell 
aggregates (Fig. le-g; Supplementary Fig. 2c and data not shown). 
The Rx* tissues were Chx10_ nestin* (Chx10 also known as Vsx2; 
Supplementary Fig. 2d), characteristic of rostral hypothalamic epithelia 
(retinal epithelia are Rx" but Chx10™ nestin” )*"*. Importantly, a layer 
of Pitx1/2* epithelium reproducibly formed on the surface of the ES cell 
aggregates, adjacent and exterior to the Rx* neuroepithelia, which 
formed inner layers (Fig. 1f, g). In contrast, treatment with exogenous 
BMP4, which is generally known to promote differentiation of non- 
neural ectoderm at the cost of neural differentiation’®”’, inhibited the 
formation of hypothalamic tissues even at 0.5nM, regardless of the 
aggregation size (Supplementary Fig. 2e). Conversely, treatment with 
the BMP antagonist dorsomorphin inhibited the generation of Pitx2* 
ectoderm, which was promoted in the LCA culture (Supplementary 
Fig. 2f). Given that the expression of Bmp2 and Bmp4 (refs 8, 14) was 
increased under LCA conditions (Supplementary Fig. 2g-i), the 
moderate elevation of endogenous BMP signals in the LCA culture, 
which was insufficient to inhibit hypothalamic differentiation, may 
have contributed to the spontaneous formation of rostral head 
ectoderm. 


Self-formation of Rathke’s pouches in vitro 

In the embryo, Rathke’s pouch develops on the midline of the 
rostral head ectoderm, which receives strong sonic hedgehog (Shh) 
signals*"”"> (Supplementary Fig. 1d). Accordingly, treatment with the 
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Figure 1 | Adjacent formation of head ectoderm and hypothalamic epithelia 
in ES cell culture. a, Schematic of pituitary development, sagittal view. A, 
anterior; D, dorsal; P, posterior; V, ventral. b, In vivo expression of Pitx1 and Rx 
on embryonic day 13 (E13). ¢, Little expression of Pitx2 in SFEBq/CDM- 
cultured ES cells (qPCR; n = 3 experiments). d, day. d, Pitx2 expression in 
aggregates cultured under the LCA condition (red) or treated with 0.5nM 
BMP4 (blue) (n = 3). e, f, Immunostaining of day-6 LCA aggregates for Pitx1 
(red), and Rx (green, f). g, Schematic of the result. h, Induction of Lim3 


hedgehog (Hh) agonist N-methyl-N’-(3-pyridinylbenzyl)-N’ -(3- 
chlorobenzo[b]thiophene-2-carbonyl)-1,4-diaminocyclohexane 
(smoothened agonist; SAG, hereafter)'® (days 0-10) efficiently 
increased expression of the Rathke’s pouch marker'”'* Lim3 (also 
called Lhx3) in LCA-SFEBq culture (Fig. lh). In a culture using 
venus-reporter ES cells for Lim3 expression (Lim3’""* *; Supplemen- 
tary Fig. 3a, b), SAG reproducibly induced Lim3::venus’ cells in 
>90% of LCA-SFEBq aggregates (25-30% of total cells on day 10; 
Fig. li, j and Supplementary Fig. 3c). Additional BMP4 treatment 
(SAG+BMP4 under the LCA condition) had no additive effect 
(rather, an inhibitory effect; Supplementary Fig. 3d) on Lim3::venus 
expression. 

In SAG-treated LCA-SFEBq aggregates, the Lim3::venus™ cells 
formed multiple oval epithelial clusters (Fig. 1k and Supplementary 
Movie 1; unlike Lim3* neurons in the brain, they were Tujl  ; Fig. 11). 
No concomitant induction of the mesodermal markers brachyury and 
Flk1 (also known as Kdr) or the neural crest marker Foxd3 was 
observed in the aggregates (Supplementary Fig. 4a—-d). 

These Lim3::venus’ tissues first appeared as thickened placode 
epithelium on the surface (~day 8), invaginated (days 9-10) and 
formed hollowed epithelial vesicles (days 10-11), as in embryonic 
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expression by SAG (qPCR; n = 9). i, FACS analysis of the Lim3::venus* 
population in day-10 LCA aggregates with SAG treatment (green). Grey, day-1 
aggregate. j, Lim3::venus expression in LCA aggregates with SAG treatment. 
k, Clusters of Lim3::venus* vesicles (arrowheads) in day-13 SAG-treated LCA 
aggregates. Arrows, vesicles forming on the other side. 1, Lim3* pouch is Pitx1~ 
but Tujl . Scale bars, 100 um (b, e, f, k, 1); 500 tum (h). The values shown on 
graphs represent the mean + s.e.m. NS, not significant. *, P < 0.05; **, P< 
0.01; ***, P< 0.001. 


Rathke’s pouch development (Fig. 2a—-c and Supplementary Fig. 4e). 
The Lim3::venus* epithelium co-expressed Pitxl, Pitx2 and 
E-cadherin, and was negative for neuroepithelial markers such as 
nestin, Rx and Nkx2.1 or the surface ectoderm marker cytokeratin 
(Fig. 2d-g and Supplementary Fig. 4f-h), reminiscent of the marker 
profile of the pituitary primordium’*"” (Supplementary Fig. 4i). 

The Lim3::venus~ epithelial vesicles were reproducibly located 
between the hypothalamic (Rx*) and the rostral head ectodermal 
(Pitx1*/Lim3~ ) tissues, and the atypical protein kinase C (aPKC)* 
apical surface of the Lim3::venus” epithelial vesicle was inside along 
the apical—basal axis (Supplementary Fig. 4j, k), consistent with the 
topographical development of Rathke’s pouch in vivo. The pouch 
epithelia consisted of tall columnar epithelial cells with apical cilia 
and junctions (Fig. 2h and Supplementary Fig. 5), and the late-onset 
Rathke’s pouch marker” islet1/2 (Fig. 2i) was expressed in a differ- 
entiating cell population located basally on day 13 (see Fig. 2h, 
bracket). On days 13-14, the long axis of the Lim3* pouch typically 
reached a diameter of 150-200 1m, comparable to that of early 
Rathke’s pouch in vivo. 

Thus, in the presence of high Hh signals, the ES-cell-derived rostral 
head ectoderm adjacent to the hypothalamic neuroepithelium initiates 
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Figure 2 | Spontaneous generation of Rathke’s pouch-like vesicles in ES cell 
culture. a—c, Morphogenesis of Lim3" epithelia. d-g, Immunostaining of day- 
12 pouch vesicles and surrounding tissues for Pitx1 (red, d-f), Lim3 (green, 
d; white, e; red, g), pancytokeratin (green, e), nestin (white, f) and Rx (green, 
f, g) in ES cell culture. h, Electron microscopy of the day-13 pouch. 
Delaminating cells on the basal side (bracket). i, Islet1 * cells in the basal zone of 
the day-13 pouch. j, Schematic of in vitro generation of Rathke’s pouches. Scale 
bars, 100 um (a-c, e-g); 50 jim (d, i); 20 um (h). 


Rathke’s pouch development in three-dimensional culture (Fig. 2)). 
The interactions between the two juxtaposed tissues seemed to be 
critical, as Pitx1/2* surface epithelia lacking Rx* neural tissues in 
BMP4-treated aggregates (Fig. ld and Supplementary Fig. 2e) did 
not exhibit visible pouch development, regardless of Hh signals (data 
not shown). In addition, surface ectoderm isolated alone from day-6 
aggregates exhibited low Lim3 expression by qPCR when cultured until 
day 13, unless combined with hypothalamic neuroepithelium (Sup- 
plementary Fig. 6a-c). 

Fgf signals such as Fgf10 are implicated in Rathke’s pouch develop- 
ment®**", Consistent with this idea, the Fgf receptor inhibitors 
$U5402 and PD173074 reduced the percentages of Lim3::venus cells 
in culture (Supplementary Fig. 6d). Fgfl0 expression was gradually 
induced in the Rx" tissues of the aggregate during days 7-10, and Fef8 
expression was observed in both Rx* and Rx populations 
(Supplementary Fig. 6e, f). phosho-Erk (pErk), which is indicative 
of Fef signalling, predominantly accumulated in the Pitx1* surface 
epithelia (Supplementary Fig. 6g). This preferential pErk accumula- 
tion may be relevant to the localized expression of FgfR2b (Fgf10- 
specific receptor gene”) and FefR4 (receptor gene for Fgf8) in the Rx 
tissues (Supplementary Fig. 6h, i). These observations indicate that 
endogenous Fef signals also have a role in Lim3 induction, at least in 
part, in this three-dimensional ES cell culture. 
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Generation of multiple endocrine lineages 

During early pituitary development”’, Lim3* pituitary progenitors 
become committed to several hormone-type-specific lineages’® 
(Fig. 3a; Supplementary Fig. 7a for details). Among them, the 
ACTH-producing corticotroph lineage requires the transcription 
factor Tbx19 (ref. 24), the expression of which is inhibited by Notch 
signalling*’° (Fig. 3a). Consistent with this idea, whereas Tbx19 
expression in SAG-treated LCA-SFEBq aggregates was low, it was 
strongly increased by treatment with the Notch inhibitor (2S)-N- 
[N-(3,5-Difluorophenacetyl)-L-alanyl]-2-phenylglycine __ tert-butyl 
ester (DAPT) (Fig. 3b and Supplementary Fig. 7b). Substantial 
numbers of large-sized ACTH®* cells reproducibly accumulated in 
the Tbx19* domains of DAPT-treated pouch tissue (day 21; Fig. 3d 
and Supplementary Fig. 7c); ACTH™ cells comprised ~35% of 
N-cadherin  non-neural cells (Fig. 3c), which themselves represented 
~11% of total cells on day 21. The ACTH® cells were negative for 
Ki67 (not shown) and E-cadherin (Supplementary Fig. 7d), unlike the 
early progenitors in the pouch (for example, Supplementary Fig. 4h). 
The ES-cell-derived ACTH™* cells were negative for the neuronal 
markers neurofilament and NSE (Fig. 3e and Supplementary Fig. 7e) 
and the melanotroph-lineage marker’* PC2 (Fig. 3f and Sup- 
plementary Fig. 7f), consistent with the corticotroph nature of marker 
expression. 

Lim3 is essential for early pituitary specification’”*”’. Knockdown 
of Lim3 (short hairpin RNA (shRNA)-based; Supplementary Fig. 7g) 
specifically reduced expression of Tbx19 and Pomc (mouse homologue 
of human ACTH, hereafter referred to as the latter) in culture (Fig. 3g; 
Supplementary Fig. 7h for controls). Similarly, when Tbx19”‘~ ES cells 
(Supplementary Fig. 7i) were used, ACTH expression was significantly 
reduced (Fig. 3h). Thus, LCA-SFEBq culture with SAG treatment 
faithfully recapitulates in vivo corticotroph development, which is 
inhibited by Notch and driven by Lim3 and Tbx19 (Fig. 3i). 

In the developing pituitary, Tbx19~ progenitors give rise to Pitl* 
intermediate precursors, which subsequently differentiate into GH-, 
prolactin- and TSH-producing cell lineages*®* (Fig. 3a). Unlike 
Tbx19 expression, Pit] expression in the SAG-treated aggregates 
was not increased by DAPT treatment (Fig. 3j). In contrast, consistent 
with previous reports that canonical Wnt signalling promotes Pit1 
expression”, its expression was specifically augmented by treatment 
with the Wnt agonist 6-bromo-3-[(3E)-1,3-dihydro-3-(hydroxyimino)- 
2H-indol-2-ylidene]- 1,3-dihydro-(3Z)-2H-indol-2-one (BIO) (GSK3B 
inhibitor) on days 16-18 (Fig. 3j; see also Fig. 3b, c). Further differ- 
entiation of these intermediate precursors into GH* and prolactin* 
cells was observed (Fig. 3k-n) when cultured in media containing 
glucocorticoid and oestradiol, respectively (Supplementary Fig. 8a, b), 
which enhance the differentiation of these lineages”. 

Head mesenchyme has been suggested to have a promoting role in 
pituitary development*'. With this in mind, we treated LCA-SAG 
aggregates with conditioned medium of PA6 stromal cells (derived 
from skull bone-marrow mesenchyme) (Supplementary Fig. 8c). This 
treatment enabled the generation of LH* and FSH” cells (also some 
TSH* cells; Fig. 30-r), which was otherwise very rare (data not 
shown). 

These findings demonstrate the competence of ES-cell-derived 
adenohypophysis progenitors to generate multiple endocrine lineages 
in culture. 


In vitro functionality as endocrine tissue 

To investigate the in vitro hormone-secretion ability of adenohypophysis- 
like tissue generated in vitro, we focused on corticotrophs, which were 
most efficiently generated in this three-dimensional ES cell culture. 
Substantial ACTH release from SAG+DAPT-treated LCA aggregates 
was induced after a 10-min stimulation with corticotrophin releasing 
hormone (CRH) on day 21 (Fig. 4a, b and Supplementary Fig. 9a), but 
not from those without SAG treatment (Fig. 4c). The aggregates treated 
with SAG but not with DAPT showed ACTH secretion upon CRH 
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Figure 3 | Differentiation of ES-cell-derived pituitary progenitors into 
hormone-producing cell lineages. a, Schematic of lineage-specific 
differentiation. b, Increased Tbx19 expression on day 20 by DAPT (days 18- 
19). BIO treatment (days 16-18). qPCR analysis (m = 3 experiments). 

c, Percentages of ACTH” cells in non-neural (N-cad_ ) cells on day 22 (n = 6). 
d-f, Immunostaining of day-21 SAG+DAPT-treated aggregates for ACTH 
(red), neurofilament (green, e) and PC2 (green, f). g, Attenuated Tbx19 and 
ACTH expression by deoxycycline-induced Lim3 knockdown (Dox; black 
columns) (n = 6). h, Expression of Rx (day 7), Lim3 (day 13) and ACTH (day 
22) by qPCR analysis of LCA+SAG+DAPT-treated aggregates (n = 3). Black 
columns, Tbx19 knockout (Tbx19-KO) ES cells. i, Schematic of corticotroph 


stimulation, but significantly less than SAG+DAPT-treated aggre- 
gates did (Fig. 4c). 

ACTH secretion from the pituitary is negatively regulated by the 
downstream hormone glucocorticoid* (Fig. 4d, inset). Consistent 
with this in vivo regulation, the in vitro release of ACTH by CRH 
was greatly suppressed by pre-treating with glucocorticoid (Fig. 4d), 
but not with oestrogen (Supplementary Fig. 9b). These findings 
demonstrate that the ES-cell-derived pituitary endocrine cells actively 
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generation in vitro. j, Pitl expression in day-26 culture of LCA+SAG 
aggregates (n = 3). k-o, Non-corticotroph differentiation. k, m, Percentages of 
GH" (k) and prolactin™ (PRL; m) cells in non-neural cells of day-33 
LCA+SAG aggregates. F&Ins, hydrocortisone + insulin treatment; E2&Ins, 
oestradiol + insulin treatment. 1, n, Immunostaining of day-33 aggregates for 
GH (1) and prolactin (n) (green). 0, Percentages of non-neural cells producing 
LH, FSH and TSH in day-33 aggregates cultured with PA6 conditioned 
medium during days 10-33. p-r, LH, FSH and TSH immunostaining on day 
33. Scale bars, 20 tum (d); 50 um (e, f); 100 um (1, n, p-r). The values shown on 
graphs represent the mean = s.e.m. *, P < 0.05; **, P < 0.01; ***, P < 0.001. 


secrete ACTH and respond normally to both positive and negative 
regulators that work for endocrine homeostasis in vivo. 


Functional rescue in hypopituitary mice 


Lastly, we evaluated ACTH secretion in vivo using hypophysectomized 
mice** (Fig. 5a; see the reduction of blood ACTH levels in Sup- 
plementary Fig. 9c, d). In mouse, the pituitary is located at a tiny space 
in the skull base, called the sella turcica**. Because its local circulatory 
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Figure 4 | CRH-induced ACTH release from ES-cell-derived pituitary 
tissues. a, CRH efficiently induced ACTH secretion (n = 4 experiments). 

b, ACTH secretion at different CRH doses (n = 4). c, ACTH secretion from 
aggregates cultured in different conditions (n = 3). d, Pre-treatment with 
hydrocortisone (n = 3) suppressed the CRH-stimulated ACTH secretion from 
aggregates. The values shown on graphs represent the mean + s.e.m. *, P< 
0.05; **, P < 0.01; ***, P < 0.001. 


network including hypophyseal portal veins is easily destroyed by 
hypophysectomy, we performed ectopic transplantation of aggregates 
under the kidney capsules in this study (Fig. 5a; see grafted ACTH* 
cells stained in red). 

A week after transplantation, CRH loading induced a substantial 
elevation of blood ACTH levels in the mice grafted with SAG+DAPT- 
treated aggregates (Fig. 5b) but not in control hypophysectomized mice 
that had received aggregates without SAG/DAPT treatment (Fig. 5c). 
Accordingly, the blood glucocorticoid (corticosterone) levels were 
increased upon CRH loading in the mice grafted with SAG+DAPT- 
treated aggregates but not in controls (Fig. 5d), indicating that ACTH 
from the graft sufficiently induced the downstream hormone. 

Even without CRH loading, the basal levels of ACTH were higher in 
the mice that received SAG+DAPT-treated aggregates than in controls 
(Fig. 5e). Importantly, the corticosterone levels were also increased 
(Fig. 5f), suggesting that this partial recovery of blood ACTH has a 
moderate but biologically significant effect (note that the median effec- 
tive dose (EDs) of the ACTH receptor MC2R for glucocorticoid pro- 
duction is around 9 pg ml ~ 1 ref. 34). In accordance with this idea, the 
hypophysectomized mice receiving SAG+DAPT-treated aggregates 
showed higher spontaneous locomotor activity in their home cages 
than controls (infrared-monitored 24-h tracking in Fig. 5g; also 
examined by the running wheel test; Fig. 5h and Supplementary 
Movie 2; Supplementary Fig. 9e, f for controls), and survived signifi- 
cantly longer (P < 0.01, Kaplan—Meyer method; Fig. 5i). 


Conclusion and perspective 

Although the adenohypophysis is relatively small in size, it is an inde- 
pendent endocrine organ with indispensable systemic functions. Using 
a synthetic approach at the multi-cellular level, we demonstrated that a 
functional organ bud, the development of which requires intricate 
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Figure 5 | Increased systemic ACTH and glucocorticoid levels by grafting 
ES-cell-derived pituitary tissues. a, Schematic of transplantation procedures. 
Inset, ACTH © cells (red) in grafted tissue (labelled with GFP; post- 
transplantation day 7) under the renal capsule. b, Blood ACTH levels in grafted 
mice with (right) or without (left) CRH loading (n = 3). S—D—, aggregates 
without SAG or DAPT treatment; S+D+; aggregates with SAG+DAPT 
treatment. c, d, Blood ACTH (c) and corticosterone (d) levels upon CRH 
loading (sampled two hours after loading; 7 days after transplantation; n = 3). 
Sham, subcapsular saline injection. e, f, Basal blood levels of ACTH (e) and 
corticosterone (f) 7 days after transplantation (n = 3). No CRH loading. Blood 
sampling at 20:00 in the evening. g, Spontaneous locomotor activity (moving 
distance) in the home cage measured for 24h by the infrared monitoring 
system. WT, wild type. Control (n = 8) versus S+D+ (n= 7), P< 0.05, 
Bonferroni’s test. Wild type (no hypophysectomy), n = 4. h, Locomotor 
measured by running wheels. Control (n = 9) versus S+D+ (n = 7), P< 0.01. 
Wild type, n = 4. i, Improved survival of transplanted hypopituitary mice. 
S-D-, n= 12;S+D+, n= 14. Sham, n = 12. The values shown on graphs 
represent the mean + s.e.m. *, P< 0.05; **, P< 0.01; ***, P < 0.001. Scale bar, 
100 um (a). 


tissue interactions, can be reproducibly generated by self-formation 
when the spatial arrangement of a few interacting tissues is recon- 
stituted in three-dimensional culture. In terms of mechanistic com- 
plexity, this idea represents a further conceptual advance beyond our 
recent report of optic-cup self-organization, which sufficiently occurs 
within retinal epithelium alone”. 

Hypopituitarism is a major category of endocrinological disorders, 
including empty sella syndrome, Sheehan syndrome, hypophyseal 
apoplexy and post-operative pituitary damage’. In addition, in- 
sufficiencies of specific hormones (for example, GH insufficiency in 
infants and adults) also cause various systemic problems. The 
successful generation of pituitary endocrine cells shown here opens 
new avenues for the application of pluripotent stem cells to treat non- 
diabetic endocrine diseases, which have so far received relatively little 
attention in regenerative medicine. A future challenge will be ortho- 
topic transplantation of adenohypophysis derived from human ES/ 
induced pluripotent stem cells into the sella of a larger mammal, 
together with local reconstitution of vascular networks. 
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METHODS SUMMARY 


The SFEBgq culture was performed as described previously except that cells were 
aggregated at 10,000 cells per aggregate in 96-well plates and cultured in growth- 
factor-free chemically defined medium (gfCDM) medium supplemented with 
400 nM SAG on days 0-10 unless otherwise stated. For endocrine cell differenti- 
ation, culture was continued under 40% O,. Surgical hypophysectomy was per- 
formed by the transaural approach”. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

ES cell culture for maintenance and differentiation. Mouse ES cells (EB5, 
Rx::EGEFP, Sox1::GFP) were maintained as described, in G-MEM supplemented 
with 1% fetal calf serum, 10% KSR, 2 mM glutamine, 0.1 mM non-essential amino 
acids, 1mM pyruvate, 0.1 mM 2-mercaptoethanol and 2,000 U ml! LIF. For 
SFEBgq culture, ES cells were dissociated to single cells in 0.25% trypsin-EDTA, 
and quickly reaggregated in differentiation medium (10,000 cells per 100 pil per 
well unless otherwise stated) using 96-well low-cell-adhesion plates (Lipidure 
Coat, NOF Corp). The differentiation medium was growth-factor-free CDM 
(gfCDM), which contains Iscove’s modified Dulbecco’s medium/Hams F12 1:1, 
1 X chemically defined lipid concentrate, monothioglycerol (450 1M) and 5 mg 
ml ' purified bovine serum albumin (>99% purified by crystallization; Sigma). 
Growth factors were purchased from R&D Systems and used at the concentration 
indicated in the text and legends. The concentrations and durations of the 
reagents applied to differentiation culture were as follows: DAPT (10 uM, days 
18-19), SAG (400 nM, days 0-10), BIO for Fig. 1 (250 nM, days 0-7) and Fig. 3 
(250nM, days 16-18), BMP4 (0.5nM, days 0-7), dorsomorphin (1 1M, days 
0-7), Wnt4 and Wnt5 (50 ng ml}, days 0-7, each), Fgf8 (200 ng ml}, days 
0-7), Nodal (1 pg ml“, days 0-7) and IWP2 (2 uM, days 16-18). The day when 
SFEBgq culture was initiated was defined as day 0. For LCA culture, aggregation of 
different numbers of ES cells on day 0 was tested as follows: 3,000, 5,000, 10,000, 
15,000 and 20,000 cells per well. Among them, efficient generation of Pitx1* 
surface ectoderm was reproducibly observed in aggregates with 10,000, 15,000 
and 20,000 cells. However, culture of too large aggregates (in particular, 20,000- 
cell aggregates) tended to be less healthy and Lim3::venus induction in them was 
less efficient than in those with 10,000 ES cells. Therefore, the condition of 10,000 
cells per well was used in this study. In the aggregate with this starting cell 
number, the innermost portion was either a cavity or mass of cell debris (more 
frequently the latter) on day 10 (Fig. 1g). 

For isolation culture of surface ectoderm (Supplementary Fig. 6a-c), outer 
epithelium of day-6 aggregates were manually detached by forceps and a tungsten 
needle and cultured alone or together with inner neuroepithelium in SAG- 
containing differentiation medium. Fgfl0 treatment alone (regardless of SAG 
treatment) was not sufficient to induce Lim3 expression in the surface epithelium 
from aggregates, indicating the necessity of additional unknown inductive signals. 
Generation of knock-in ES cell lines. The gene-targeting strategy and vector 
construction for Lim3::venus is as illustrated in Supplementary Fig. 2a. ES cells 
(EB5) were cotransfected with the targeting vector and an expression vector 
carrying the zinc-finger nuclease (ZFN) for exon 1 of Lim3b (Lim3 has two 
mRNA subtypes, each using a different exon 1; ZFN targets 5'-GACCTGCT 
GCTG-3’ and 5'-TTGGCGCGAAGGGCTGAC-3’), and subjected to G418 
selection. Colonies knocked-in at one allele were genotyped with PCR, 
Southern blotting and genomic sequencing. To generate the targeting construct, 
we used the MultiSite Gateway Technology (Invitrogen). Briefly, the att site- 
flanked PCR products of the 5’ arm (1.0 kbp) and 3’ arm (1.0 kbp) were cloned 
into pDONR vector. The venus cDNA was fused in-frame into exon 1b of the 
Lim3 gene at the initial ATG by using Gateway LR clonase (Invitrogen). A PGK 
promoter-driven neomycin-resistance selection cassette flanked by loxP sites was 
inserted downstream of venus. Homologous recombinant ES cells were selected 
with neomycin. Three targeted clones (#K2, #J2 and #J4) were confirmed by 
genomic PCR and sequencing (Supplementary Fig. 2a and data not shown) 
and exhibited indistinguishable abilities to differentiate into Lim3* progenitors; 
subclone #J4 was mainly used for the experiments shown in this report. A similar 
strategy was used for targeting Tbx19; the vector construction is illustrated in 
Supplementary Fig. 5g. The ZFN target sequences for exonl were 
5'-GTCTCGCCTGCTTAAC-3’ and 5’-GAAAGTGAGCTCCAG-3’. The clone 
in which both Tbx19 alleles were disrupted was used for the differentiation assay. 
shRNA-mediated knockdown study. To suppress Lim3 expression in differenti- 
ating cells, we used the Tet-inducible shRNA expression lentivirus vector system 
(invented by H.M. at the RIKEN BioResouce Center). pENTR4-H1tetOx1, in 
which the tet operator sequence (5’-TCCCTATCAGTGATAGAGA-3’) was 
inserted between the TATA box in H1 promoter and the transcription start site, 
was designed to express shRNA under the control of the Tet-inducible H1 
promoter (H1tetO). The shRNA sequences targeting mouse Lim3 mRNA, 
5'-GCACATCTTGGACCGTTTCAT-3’ (A), 5’-CGGCAGTTCCAAGTCCG 
ACAA-3’ (B) and 5'-CGCCTACAACACTTCGCCCAA-3’ (C), were inserted 
into pENTR4-H1tetOx1. As a negative control, the shRNA sequence targeting 
E. coli lacZ mRNA, 5'-GACTACACAAATCAGCGATTT-3’ (D), was also 
inserted. The Tet-inducible shRNA expression cassette in pENTR4-H1tetOx1 
was transferred to the CS-RfA-ETR lentivirus vector, which contains an expres- 
sion cassette for tetracycline repressor (TetR) and monomeric red fluorescent 
protein (mRFP1) linked with a 2A-self-cleaving peptide sequence under the 
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control of the human EFlalpha promoter, by using Gateway LR Clonase 
(Invitrogen). 

To produce recombinant lentiviruses, the transfer vector was co-transfected 

with pCAG-HIVgp and pCMV-VSV-G-RSV-Rev into 293T cells (on a 150-mm 
dish) using the FUGENE HD reagent (Roche). Twelve hours after transfection, 
the culture medium was replaced with fresh medium (30 ml) and the 293T cells 
were cultured for another 36 h. The viruses in the supernatant from each 150-mm 
dish were collected by ultracentrifugation and re-suspended in 1 ml of mainten- 
ance medium. For infection, mouse ES cells were dissociated and seeded onto a 
35-mm dish. Eight hours after seeding, the medium was replaced with one contain- 
ing the virus (1 ml per dish) and the cells were cultured for 12 h in the presence of 
8g ml ' polybrene. After medium change, cells were further cultured for 7 days, 
and mRFP1-positive cells were collected by FACS. Twenty targeted clones exhibited 
indistinguishable abilities to differentiate into ACTH” cells, and showed sup- 
pressed Lim3 expression after Dox treatment from day 3 in SFEBgq culture. 
Differentiation culture for hormone-producing cells. SFEBq aggregates (10,000 
cells per aggregate) were cultured in CDM medium + 400 nM SAG on days 0-10, 
and half the medium was changed with CDM medium on day 10. The oxygen 
concentration was raised to 40% from day 10 onwards. For differentiation of 
ACTH-lineage cells, the culture was treated with DAPT overnight on days 18-19 
followed by half medium change with DAPT-free medium. For differentiation of 
GH- and prolactin-lineages, the aggregates were treated with BIO on days 16-18 and 
cultured in CDM containing 1 nM insulin and 200 ng ml‘ hydrocortisone (GH) or 
50 ng ml oestradiol (Prolactin) on days 20-30. Although these cell types showed 
relatively moderate differentiation efficiencies (4-6% of non-neural cells; Fig. 3k, m) 
as compared to corticotrophs (~35% of non-neural cells; Fig. 3c), GH* and pro- 
lactin® cells also appeared as cell clusters (Fig. 31, n). In addition to these cells, the 
SAG-treated LCA-SFEBq aggregates also generated gonadotrophs and TSH" cells 
when cultured in CDM-based PA6-conditioned medium during days 10-30. 
Microscopy and live imaging. Confocal imaging of fixed samples was performed 
using the LSM710 system (Ziess). The live imaging of Rathke’s pouch formation was 
performed using an inverted confocal microscope combined with a full-sized CO,/O, 
incubator (see its alignment in supplementary figure 2k of ref. 13; specially assembled 
by kind cooperation of Olympus), which enabled stable three-dimensional culture 
under long-term confocal imaging. The position of the ES cell aggregate was fixed ina 
drop of Matrigel, which was then immersed in culture medium on a 3.5-cm glass- 
bottom dish. Optical section images were obtained using a 20 objective lens 
(Olympus), a spinning disk confocal system (CSU-X1, Yokogawa) and an EM- 
CCD camera (Andor, 512 X 512 pixels). 
Immunohistochemistry, qPCR and FACS. Immunohistochemistry was per- 
formed as described previously. Antibodies against the following proteins were 
used at the indicated dilutions: Lim3 (rabbit, 1:500; Chemicon), N-cadherin 
(mouse monoclonal, 1:2,000; BD Pharmingen), E-cadherin (rat, 1:50; TaKaRa), 
Pax6 (mouse, 1:1,000; R&D, mouse monoclonal, 1:100; DSHB), Chx10 (sheep, 
1:1,000; Exalpha), Rx (rabbit, 1:3,000)°, Laminin (rat, 1:500; Chemicon; rabbit, 
1:500; Abcam), PKCC/aPKC (rabbit, 1:100; Santa Cruz), CD133 (Prominin-1) 
(rat, 1:500; Chemicon), nestin (mouse, 1:400; BD Pharmingen; rabbit, 1:2,000; 
Biopad), TUJ (mouse, 1:1,000; Covance; rabbit, 1:500; Covance), neurofilament 
(rabbit, 1:80; Sigma), NSE (rabbit, 1:500; Chemicon), cytokeratin (mouse, 1:800; 
Sigma), PC2 (rabbit, 1:400; Enzo), Nkx2.1 (mouse, 1:100; Zymed; mouse, 1:500; 
Novocastra; rabbit, 1:2,000; Biopat), Sox] (rabbit, 1:200, Cell Signaling; chicken, 
1:500; Chemicon), NeuroD1 (rabbit, 1:200; Chemicon), Pit1 (mouse, 1:100; Santa 
Cruz), Sfl (rabbit, 1:400; ABR), ACTH (mouse, 1:200; Fitzgerald), GH (rabbit, 
1:400; Dako), PRL (rabbit, 1:200; AbD), «Subunit (rabbit, 1:6; NHPP), LH (rabbit, 
1:400; AbD), FSH (rabbit, 1:6; NHPP), TSH (mouse, 1:50; Dako), pERK (rabbit, 
1:200; Cell Signaling), GFP (rat, 1:500; Nacalai), brachyury (goat, 1:1,000; R&D) 
and FIk1 (rat, 1:100; BD Pharmingen). The ACTH antibody used here is specific 
to fully processed ACTH. The antiserum against Pitx] was raised in guinea pigs 
against a synthetic peptide (DAFKGGMSLERLPEGLR+C; residues 2-18) and 
was affinity purified. The antiserum against Pitx2 was raised in guinea pigs 
against a synthetic peptide (EKDKGQQGKNEDVGAEDPSKKKRQRRQ+C; 
residues 16-42) and was affinity purified. The antiserum against Tbx19 was raised 
in rabbit against a synthetic peptide (MSELATQKAGEGTVSRLLNVVESELQ 
AGREKGDPTEK-+ C; residues 1-37) and was affinity purified. The monoclonal 
antibody for Foxd3 was raised in rats against GST-fused mFoxD3 protein 
(residues 232-465) and its culture sup was used at 1/10 dilution. DAPI was used 
for counterstaining the nuclei (Molecular Probes). The immunostaining specificity 
of each antibody was confirmed by immunostaining with the appropriate 
embryonic tissues as a positive control under the same conditions. 

For FACS analysis, cells were counted with a FACSAria (Becton Dickinson), 
and the data were analysed with the FACSDiva software (Becton Dickinson). 

qPCR was performed with 8 aggregates per sample using the 7500 Fast 
Real Time PCR System (Applied Biosystems) and the data were normalized to 
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the GAPDH expression. Primers used were as follows: GAPDH, forward 
5'-TGACCACAGTCCATGCCATC-3’, reverse 5’-GACGGACACATTGGGGG 
TAG-3’; Pitx2, forward 5'-CGTGTGGACCAACCTTACG-3’, reverse 5’-AAGC 
CATTCTTGCACAGCTC-3'; Wnt3a, forward 5'-GAACCGTCACAACAATG 
AGG-3’, reverse 5’-CTTCACAGCTGCCAGATAGC-3’'; Wnt4, forward 5'-GG 
CCTTTGTATACGCCATCT-3’, reverse 5’-CACAGCCACACTTCTCCAGT-3’; 
Wnt5a, forward 5’-ACGCTAGAGAAAGGGAACGA-3’, reverse 5’-ATACTGT 
CCTACGGCCTGCT-3’; Lim3, forward 5’-ACAAGGACAGCATCCAGGAG-3’, 
reverse 5’-GCTGCTGTACAGGCCATTAG-3’; Fef8, forward 5’-GGGAAGCTA 
ATTGCCAAGAG-3', reverse 5’-TGTACCAGCCCTCGTACTTG-3’; Fef10, 
forward 5'-TGCTCTTTTTGGTGTCTTCG-3’, reverse 5'’-GGAGGAAGAAGA 
GCAGTTGG-3'; Bmp4, forward 5'-GCTGGAATGATTGGATTGTG-3’, reverse 
5'-CATGGTTGGTTGAGTTGAGG-3’; Bmp2, forward 5'-CTCAAGTCCAGCT 
GCAAGAG-3', reverse 5’-ACTCCCCATGGCAGTAAAAG-3’; Rx, forward 
5'-GTTCGGGTCCAGGTATGGTT-3’, reverse 5’-GAGAGGAGGGGAGAATC 
CTG-3’; NeuroD1, forward 5’-TTGAAGCCATGAATGCAGAG-3’, reverse 
5'-CCTCCTCTTCCTCTAGATCCTCA-3’; Pitl, forward 5'-ACCACAGTGC 
CGCTGAGT-3’, reverse 5’-GTAATGAAGTCCTGTCGCTGTG-3’; Tbx19, 
forward 5'-CTGTCTGTACCCCACAGCAA-3’, reverse 5’-TCCACAGGCAC 
GGATAGG-3'; ACTH/Pomc, forward 5'-GGCCTTTCCCCTAGAGTTCA-3’, 
reverse 5’-GACCTGCTCCAAGCCTAATG-3’, Fefr4, forward 5’-CAGAGGCCT 
TTGGTATGGAT-3', reverse 5’-AGGTCTGCCAAATCCTTGTC-3’, Fefr2b, 
forward 5'-AGTAAATACGGGCCTGATGG-3’, reverse 5'-CCATCTCCGT 
CACATTGAAC-3’ and _ brachyury, forward 5’-CTGGGAGCTCAGTTCT 
TTCG-3’, reverse 5'-CCCTTCATACATCGGAGAA-3’. 

Statistical analyses. Statistical significance was tested using the Prism 4 program 
(GraphPad) as follows: two-group comparison by Student’s t-test and multiple- 
group comparison by the one-way ANOVA test with a post-hoc Bonferroni’s 
(among each pair) or Dunnett’s test (versus control). 

In vitro analysis of ACTH release by CRH loading. Eight SAG+DAPT-treated 
aggregates were collected on day 23 ina 1.5-ml Eppendorf tube, rinsed with HBSS(+), 
and pre-incubated in 500 pl HBSS at 37 °C for 10 min. CRH was then added to the 
given concentrations. The supernatant was collected after 10-min incubation at 37 °C 
and subjected to ELISA using the ACTH ELISA kit (MD Bioproducts). In contrast to 
ACTH, no enhanced secretion of GH, FSH, LH, TSH or prolactin was significantly 


induced by CRH (not shown). In addition, although the basal secretion (without 
releasing factor treatment) of ACTH was reproducibly observed (Fig. 4), the basal 
secretion levels of mouse GH, PRL, FSH, LH and TSH from SAG+DAPT-treated 
aggregates were below the detection limits of ELISA (SRL). 

Transplantation of ES-cell-derived pituitary tissues. All animal experiments 
were performed by following the institutional (RIKEN) guidelines for animal stud- 
ies. Surgical hypophysectomy of mice (ICR background; 8-week-old males) was 
performed by the transaural approach described previously*’. Briefly, mice were 
anaesthetized with intraperitoneal (i.p.) injection of pentobarbital (40 mgkg '), 
and the pituitary tissues were aspirated from the sella turcica using a needle (KN- 
390 needle, Natsume Seisakusyo) set to 1 ml syringe containing 0.2 ml saline, fol- 
lowing its perforation via the auditory meatus. Seven days later (9-week-old), basal 
and CRH-stimulated (2 jig kg’, i.p.) blood levels of ACTH were analysed to con- 
firm the hypopituitarism status. One week later (10-week-old), the hypopituitary 
mice were anaesthetized and injected with ~40 SAG+DAPT-treated or control 
day-21 aggregates (in 100 yl phosphate-buffered saline) into the unilateral kidney 
under the capsule using a 23G needle syringe (the kidney was exposed by skin/ 
muscle/peritoneum incision via the dorso-lateral approach). Prior to the operation, 
the mice were injected with dexamethasone (0.3 mg, one shot, intramuscularly; this 
glucocorticoid supplementation was essential for good post-operational survival of 
hypopituitary mice, which are very weak against physical stress; for one-shot sup- 
plementation, dexamethasone worked better than very short-life steroids such as 
hydrocortisone). Following the operation, 100mg ampicillin was administered 
intramuscularly. Seven days later (11 week-old), the grafted mice were subjected 
to a CRH-loading test (2 4g kg’, ip.) and blood sampling was done 2h after the 
CRH injection. The ‘basal’ secretion levels of ACTH and corticosterone (without 
CRH loading) were examined at 20:00 in a stress-free environment. It remains to be 
clarified at present whether this moderate ACTH release from the grafted S+D+ 
aggregates represented solely their spontaneous basal secretion or also included 
some secretion weakly stimulated by peripheral CRH as well as vasopressin, which 
is also known to evoke some ACTH release from corticotrophs. 

The spontaneous-locomotor tests (11-week-old male mice) were performed 
under a stress-free condition in the mice’s home cages using an infrared 24-h 
monitoring system (MDC-W02; BrainScienceldea) and a running-wheel device 
(ENV-044; MedAssociates), respectively. 
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Mutations causing syndromic autism 
define an axis of synaptic pathophysiology 


Benjamin D. Auerbach', Emily K. Osterweil’ & Mark F. Bear' 


Tuberous sclerosis complex and fragile X syndrome are genetic diseases characterized by intellectual disability and 
autism. Because both syndromes are caused by mutations in genes that regulate protein synthesis in neurons, it has 
been hypothesized that excessive protein synthesis is one core pathophysiological mechanism of intellectual disability 
and autism. Using electrophysiological and biochemical assays of neuronal protein synthesis in the hippocampus of 
Tsc2*’~ and Fmrl1" ” mice, here we show that synaptic dysfunction caused by these mutations actually falls at opposite 
ends of a physiological spectrum. Synaptic, biochemical and cognitive defects in these mutants are corrected by 
treatments that modulate metabotropic glutamate receptor 5 in opposite directions, and deficits in the mutants 
disappear when the mice are bred to carry both mutations. Thus, normal synaptic plasticity and cognition occur 
within an optimal range of metabotropic glutamate-receptor-mediated protein synthesis, and deviations in either 


direction can lead to shared behavioural impairments. 


More than 1% of the human population has an autism spectrum dis- 
order (ASD), and it has been estimated that over 50% of those with 
autism also have intellectual disability’. In most cases, the cause is 
unknown. However, genetically defined syndromes with increased pre- 
valence of autism and intellectual disability offer an opportunity to 
understand the brain pathophysiology that manifests as ASD and intel- 
lectual disability, and this knowledge can suggest potential therapies. A 
case in point is fragile X syndrome (FXS), caused by silencing of the 
FMRI gene and loss of the protein product, FMRP. Studies of the Fmr1 
knockout (—/y) mouse revealed that in the absence of FMRP, protein 
synthesis is increased downstream of metabotropic glutamate receptor 5 
(mGluRS5). Diverse mutant phenotypes in fragile X animal models have 
been corrected by genetic or pharmacological inhibition of mGluR5, 
and preliminary human clinical trials using drugs that inhibit mGluR5 
have shown promise’. Because several other syndromic forms of ASD 
and intellectual disability are associated with mutations of genes that 
regulate messenger RNA (mRNA) translation at synapses, it has been 
hypothesized that altered synaptic protein synthesis might contribute 
generally to the autistic phenotype, including intellectual disability’. The 
aim of the current study was to test the hypothesis that a mutation 
responsible for another genetic syndrome associated with ASD and 
intellectual disability—tuberous sclerosis complex (TSC)—produces 
abnormalities in synaptic protein synthesis and plasticity similar to 
fragile X. If this were the case, treatments developed for one disorder 
might be beneficial for the other, and possibly for autism and intellectual 
disability more broadly. 


TSC mutations affect synaptic function 

The choice of TSC was guided by several considerations. Like FXS, (1) 
TSC is a single-gene disorder with core symptoms of ASD and intellec- 
tual disability, (2) the affected gene(s) lie in a signalling pathway that 
couples cell surface receptors to mRNA translation, (3) there are well 
validated mouse models of the disease and (4) some mutant phenotypes 
in these mouse models have responded to pharmacological treatments 
that affect protein synthesis**. The disease is caused by heterozygous 
mutations in the genes encoding TSC1 or TSC2 proteins that together 


form the TSC1/2 complex. TSC1/2 acts to inhibit Rheb, a Ras family 
GTPase with high specificity for mTOR within a protein complex called 
mTORCI. Rheb activation of mTORC1 can stimulate mRNA trans- 
lation and cell growth, and excessive mTORCI activation is believed to 
be pathogenic in TSC’. TSC is characterized by the growth of hamarto- 
mas that are believed to result from inactivation of the functional allele 
within the tumour cells*”. Although some neurological manifestations 
of TSC are thought to be related to tumour growth in the cerebral cortex, 
others including cognitive impairment and autism have been proposed 
to result from abnormal signalling at synapses’®. Consistent with this 
idea, mice engineered to carry heterozygous loss-of-function mutations 
in Tscl or Tsc2 have been shown to have hippocampus-dependent 
learning and memory deficits without having tumours in the brain or 
seizures*'', Here we chose the Tsc2*’” mouse model because TSC2 
mutations are more common and produce a more severe phenotype 
in humans’, and this animal model is in widespread use*'*’. Of par- 
ticular significance, postnatal treatment of Tsc2‘’— mice with the 
mTORCI inhibitor rapamycin was previously shown to ameliorate 
hippocampal memory impairments, suggesting the exciting possibility 
that some aspects of TSC, like FXS, might be amenable to drug therapy’. 

A prominent hypothesis is that synaptic dysfunction in TSC relates to 
increased protein synthesis in response to elevated mTORC1 activity’. 
Signalling by mTORC1 has been suggested to contribute to the coupling 
of mGluR5 to protein synthesis and, although still controversial, it has 
been proposed that elevated mTOR activity might also be a cause of 
elevated protein synthesis in the Fmr1 '” mouse’’. A sensitive electro- 
physiological read-out oflocal mRNA translation in response to mGluR5 
activation is long-term synaptic depression (LTD) in area CA1 of the 
hippocampus'*””, Indeed, it was exaggerated LTD in the Fmr1~'” mouse 
that led to the mGluR theory of FXS”°”!. Therefore, to test the hypothesis 
of a shared pathophysiology between TSC and FXS, we first examined 
mGluR-LTD in the hippocampus of male Tsc2*’~ mice. 


Protein synthesis and mGluR-LTD in Tsc2*’~ mice 
LTD was induced by activation of group 1 (Gp1) mGluRs (mGluR 1 and 
5) with the selective agonist DHPG ((R,S)-3,5-dihydroxyphenylglycine) 
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in hippocampal slices’. Unexpectedly, we discovered that DHPG- 
induced LTD was deficient rather than enhanced in the hippocampus 
of Tsc2*’~ mice, compared with wild-type (WT) controls (Fig. 1a). A 
similar deficit was observed when mGluR-LTD was induced by 
patterned electrical stimulation of Schaffer collateral synapses 
(Fig. 1b). In agreement with a previous report’, basal synaptic trans- 
mission in CA1 appeared normal in the Tsc2*’~ mice, indicating that 
the impairment in mGluR-LTD is not due to general disruption of 
synaptic function (Supplementary Fig. 1). Moreover, there was no 
difference in the magnitude of the NMDA (N-methyl-p-aspartate)- 
receptor-dependent form of LTD between WT and Tsc2*’~ mice 
(Fig. 1c), demonstrating that the deficit is specific to mGluR-LTD, as 
these same synapses are able to undergo activity-induced depression by 
a different mechanism. To test the possibility of a general disruption in 
Gp 1 mGluR function, we examined DHPG-induced phosphorylation 
of extracellular signal-regulated kinase 1/2 (ERK1/2), a common mea- 
sure of Gp1 mGluR signalling and a critical step for mGluR-mediated 
protein synthesis and LTD**”*. Basal ERK1/2 phosphorylation and 
DHPG-induced increases in ERK1/2 phosphorylation are unaltered 
in Tsc2*’~ mice (Fig. 1d). These results suggest that the deficit in 
mGluR-LTD seen in the Tsc2*’~ hippocampus is not due to a global 
dysregulation of synaptic function or Gp 1 mGluR signalling. 
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Figure 1 | Tsc2*’~ mice have a specific deficit in mGluR-LTD. a, DHPG 
induces significantly less LTD in slices from Tsc2*/~ mice versus littermate WT 
mice (WT: 74.3 + 1.4%, n = 5 animals, 10 slices; Tsc2*!~: 86.3 + 3.1%, n=6 
animals, 12 slices; *P = 0.004). In this and all subsequent electrophysiology 
figures, representative field potential traces (average of 10 sweeps) were taken at 
times indicated by numerals and scale bars equal to 0.5 mV, 5 ms, unless stated 
otherwise. Error bars, s.e.m. b, Synaptically induced mGluR-LTD, elicited by 
delivering pairs of pulses (50 ms inter-stimulus interval) at 1 Hz for 20 min 
(paired-pulse low-frequency synaptic stimulation (PP-LFS), 1,200 pulses) in 
the presence of the NMDA receptor antagonist D-(-)-2-amino-5- 
phosphonopentanoic acid (D-AP5, 50 [1M), is also deficient in slices from 
Tsc2*'~ mice (WT: 65.1 + 2.1%, n = 3 animals, 9 slices; Tsc2*/~: 85.0 + 2.5%, 
n= 4 animals, 11 slices; *P = 0.003). c, The magnitude of NMDA receptor- 
dependent LTD evoked by low-frequency stimulation (LFS, 900 pulses at 1 Hz) 
does not differ between genotypes (WT: 79.8 + 1.6%, n = 4 animals, 6 slices; 
Tsc2*'~:79.4 + 1.9%, n = 6 animals, 6 slices; P = 0.610). d, Hippocampal slices 
were stimulated with 50 1M DHPG for 5 min, and ERK1/2 activation 
(phosphorylation) assessed by immunoblot (normalized WT: 100.0 + 6.1%; 
WT DHPG: 119.6 + 5.5%; Tsc2*/~: 97.5 + 5.6%; Tsc2*'/~ DHPG: 

116.2 + 3.9%, ANOVA: genotype P = 0.623, treatment *P = 0.0008, genotype 
X treatment P = 0,923; n = 9 animals). Results reveal that DHPG significantly 
increases ERK1/2 activation in both WT (*P = 0.040) and Tsc2*/~ 

(*P = 0.003). Error bars, s.e.m. 
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mGluR-LTD in area CA1 of the hippocampus is expressed by two 
independent mechanisms: reduced probability of presynaptic glutamate 
release**** and reduced expression of postsynaptic AMPA receptors”*””. 
In WT animals, the postsynaptic modification is known to require 
immediate translation of mRNAs available in the dendrites of hippo- 
campal pyramidal neurons'*”*. Accordingly, we found that LTD in WT 
mice at the age range examined (postnatal day (P) 25-35) is reliably 
reduced by the protein synthesis inhibitor cycloheximide (60 UM; 
Fig. 2a). The presynaptic component of LTD was monitored by mea- 
suring paired-pulse facilitation, which showed a persistent increase 
following DHPG that reflects reduced probability of glutamate released 
at the presynaptic terminal’***. Changes in paired-pulse facilitation 
were not inhibited by cycloheximide (Supplementary Fig. 2 and 
Fig. 2c), suggesting that residual LTD in the presence of the drug is 
expressed presynaptically. Although LTD was reduced in Tsc2‘/~ 
mice, the persistent paired-pulse facilitation change after DHPG was 
no different than in WT, suggesting a deficient postsynaptic modifica- 
tion (Supplementary Fig. 2 and Fig. 2c). Indeed, unlike WT, cyclo- 
heximide treatment had no effect on LTD in the Tsc2*’~ animals 
(Fig. 2b). These data suggest a selective loss of the protein-synthesis- 
dependent component of LTD in the mutant mice. 

These electrophysiological results in the Tsc2*’” hippocampus 
stand in stark contrast to the Fmr1~”” mouse in which mGluR-LTD 
is exaggerated”’. In the fragile X mouse model, increased LTD corre- 
lates with an increased rate of basal mRNA translation downstream of 
mGluRS5. Therefore we were compelled to examine protein synthesis in 
hippocampal slices from the Tsc2*’” mouse as previously described 
for the Fmr1~”” mouse”’. Consistent with the mGluR-LTD findings, we 
found a small but significant decrease in [°°S]methionine/cysteine 
incorporation into protein under basal conditions in the hippocampus 
of Tsc2*'~ mice (Fig. 2d). This finding suggested the possibility that 
protein(s) required for mGluR-LTD are deficiently translated in the 
hippocampus of Tsc2*/~ mice. To test this idea we examined levels of 
Arc, a plasticity-related protein that is rapidly synthesized in response 
to Gp 1 mGluR activation and is required for mGluR-LTD”””. 
Interestingly, we found that Arc expression is decreased in Tsc2‘/~ 
hippocampal slices (Fig. 2e). To determine whether this decrease was 
due to diminished translation, we measured the amount of newly 
synthesized Arc in Tsc2*’~ slices by performing immunoprecipitation 
experiments on metabolically labelled slices (see Methods)”’. 
Examination of the *°S-incorporated fraction revealed a significant 
reduction in Arc translation in the hippocampus of Tsc2/~ mice 
(Fig. 2f). Control immunoprecipitations using non-immune IgG con- 
firmed that our measurements were specific for Arc (Supplementary 
Fig. 4). These results suggest that mGluR-LTD is deficient in the 
Tsc2‘’~ hippocampus because of a decrease in the translation of the 
proteins required to stabilize LTD, including Arc. 


LTD deficit caused by excess mTOR activity 


As in the human disease, the germline mutation in Tsc2 can have 
myriad secondary consequences on neural development that could 
contribute to the observed LTD and protein synthesis phenotypes. To 
test the hypothesis that the deficient mGluR-LTD seen in Tsc2‘/~ 
mice is a specific consequence of unregulated mTOR activity, we 
examined the effects of the mTORC1 inhibitor rapamycin. We found 
that acute rapamycin treatment (20 nM) restored mGluR-LTD in the 
Tsc2*'~ mice to WT levels (Fig. 2g), whereas this same treatment had 
no effect on mGluR-LTD in slices from WT mice (Supplementary Fig. 3). 
This rescue is due specifically to the recovery of the protein-synthesis- 
dependent component of LTD, as the effect of rapamycin in Tsc2*/~ 
mice was eliminated in the presence of cycloheximide (Fig. 2h). The 
same rapamycin treatment also restored basal protein synthesis rates in 
Tsc2*'~ hippocampal slices back to WT levels (Fig. 2i). The simple 
model that best fits the data is that unregulated mTOR activity caused 
by the Tsc2*’~ mutation suppresses the protein synthesis that is 
required for mGluR-LTD (Fig. 3a). 
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Figure 2 | Excessive mTOR activity suppresses the protein-synthesis- 
dependent component of mGluR-LTD. a, LTD is significantly attenuated by 
pretreatment with the protein synthesis inhibitor cycloheximide (CHX, 60 1M, 
grey bar) in slices from WT animals (control: 74.3 + 1.4%, n = 5 animals, 10 
slices; CHX: 85.2 + 2.8%, n = 4 animals, 7 slices; *P = 0.014). b, CHX 
treatment has no effect on LTD in slices from Tsc2*/~ mice (control: 

86.3 + 3.1%, n = 6 animals, 12 slices; CHX: 85.3 + 3.2%, n = 4 animals, 7 slices, 
P= 0.796). ANOVA: genotype *P = 0.041, treatment P = 0.089, genotype x 
treatment *P = 0.045. c, Presynaptic LTD is not affected by genotype or CHX 
(see also Supplementary Fig. 2). DHPG significantly increased paired-pulse 
facilitation in slices from both WT and Tsc2‘’~ mice (paired-pulse facilitation 
with a 50 ms inter-stimulus interval: WT baseline: 1.37 + 0.02, WI DHPG: 
1.59 + 0.06, n = 5 animals, 9 slices, *P = 0.003; Tsc2*’” baseline: 1.39 + 0.02, 
Tsc2*'~ DHPG: 1.64 + 0.03, n = 5 animals, 9 slices, *P = 0.001) and this effect 
was not blocked by CHX (WT DHPG + CHX: 1.58 + 0.06, m = 7 animals, 11 
slices, P = 0.89; Tsc2*/” DHPG + CHX: 1.64 + 0.04, n = 6 animals, 7 slices, 
P= 0.94). d, Metabolic labelling of hippocampal slices reveals a significant 
reduction of basal protein synthesis in Tsc2*'~ mice (WT: 100.0 + 3.1%, 
Tsc2*'~: 88.2 + 3.3%, n = 13 animals; *P = 0.043). Differences in protein 
synthesis are exemplified by representative autoradiograph and total protein 
stain of the same membrane. e, Immunoblotting experiments show that Arc 
expression is significantly reduced in Tsc2‘’~ hippocampal slices (WT: 


Effect of mGluR5-positive allosteric modulation 


In the Fmr1~'Y model of FXS, excessive mGluR-LTD and hippocampal 
protein synthesis can be corrected by reducing signalling by 
mGluR5***!. We therefore wondered if the opposite approach of 
potentiating mGluRS5 signalling with a positive allosteric modulator 
(PAM) could be beneficial in this model of TSC (Fig. 3a). PAMs 
are compounds that do not activate mGluR5 directly but act on an 
allosteric site to potentiate physiological activation of the receptor”. 
Indeed, we found that pretreatment of hippocampal slices with the 
mGluR5 PAM 3-cyano-N-(1,3-diphenyl-1H-pyrazol-5-yl)benzamide 
(CDPPB**) restored the magnitude of mGluR-LTD in Tsc2*/~ mice to 


100.0 + 4.7%, Tsc2*'~: 76.6 + 6.4%, n = 12 animals; *P = 0.005). f, Arc 
translation was measured by metabolic labelling of hippocampal slices, 
followed by immunoprecipitation of Arc. Comparison of the ratios of *°S- 
incorporated-to-total Arc reveals a significant reduction in Arc translation in 
the Tsc2*'~ hippocampus (WT: 100.0 + 11.5%, Tsc2*!~: 74.7 + 6.8%, n= 19 
animals; *P = 0.049). g, Pretreatment of slices with the mTORC1 inhibitor 
rapamycin (RAP, 20 nM, grey bar) significantly enhances DHPG-induced LTD 
in slices from Tsc2*/~ mice (dimethylsulphoxide (DMSO): 85.7 + 2.1%, n = 8 
animals, 17 slices; RAP: 72.9 + 1.8%, n = 7 animals, 18 slices; *P = 0.002). 

h, The rescue by rapamycin of DHPG-induced LTD in Tsc2*'~ mice is 
prevented by the protein synthesis inhibitor cycloheximide (DMSO: 

87.1 + 4.7%, n = 6 animals, 10 slices; RAP: 88.1 + 2.4%, n = 7 animals, 9 slices; 
P= 0.796). ANOVA: rapamycin treatment *P = 0.043, cycloheximide 
treatment *P = 0.004, rapamycin X cycloheximide *P = 0.018. i, Metabolic 
labelling experiments show that rapamycin (20 nM) normalizes protein 
synthesis in the Tsc2‘’~ hippocampus to WT levels (WT DMSO: 

100.0 + 2.5%, WT RAP: 106.5 + 3.6%, Tsc2*/” DMSO: 88.8 + 2.6%, Tsc2*/~ 
RAP: 100.4 + 3.9%; ANOVA: genotype *P = 0.008, treatment *P = 0.006, 
genotype X treatment P = 0.430; t-test: WT compared with Tsc2*/~ DMSO 
*P = 0.003; WT compared with Tsc2*/~” RAP P = 0.344; Tsc2'’” DMSO 
compared with RAP *P = 0.037; n = 22 animals). Error bars, s.e.m. 


WT levels (Fig. 3b). The rescue of LTD appears to be due specifically to 
recovery of the protein-synthesis-dependent component because the 
effect of CDPPB was completely eliminated by cycloheximide (Fig. 3c). 
Consistent with this conclusion, CDPPB treatment also restored basal 
protein synthesis levels (Fig. 3d) and rescued the deficit in Arc syn- 
thesis in the Tsc2*’~ mice (Fig. 3e). Thus, allosteric augmentation of 
mGluR35 signalling can overcome the inhibitory effect of unregulated 
mTOR activity on the synaptic protein synthesis that supports LTD. 
In an important recent study, cognitive impairments in the 
Tsc2*’~ mice were shown to be significantly improved by treating 
the animals with the mTORCI inhibitor rapamycin‘. In light of our 
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Figure 3 | Positive modulation of mGluR35 reverses synaptic and 
behavioural deficits in Tsc2*/~ mice. a, Model to account for effects of 
Tsc2*’~ and Fmr' ” mutations on mGluR5- and protein-synthesis-dependent 
LTD. This model predicts that the impairment in Tsc2‘’~ mice can be 
overcome either by inhibiting mTOR with rapamycin or by augmenting 
mGluR3S signalling with an mGluR5 PAM. b, Consistent with the model, 
pretreatment of slices from Tsc2*’~ mice with CDPPB (10 |M, grey bar) 
significantly enhances DHPG-induced LTD (DMSO: 86.4 + 2.5%, n = 8 
animals, 13 slices; CDPPB: 71.7 + 3.9%, n = 7 animals, 12 slices; *P < 0.001). 
c, CDPPB treatment fails to enhance DHPG-induced LTD in Tsc2*/~ mice 
when co-applied with the protein synthesis inhibitor cycloheximide (DMSO: 
89.0 + 4.4%, n = 8 animals, 10 slices; CDPPB: 83.9 + 2.1%, n = 7 animals, 9 
slices; P = 0.64). ANOVA: CDPPB treatment *P = 0.008, CHX treatment 
P= 0.087, CDPPB X CHX *P = 0.034. d, CDPPB (10 [tM) restores protein 
synthesis in the Tsc2‘’~ hippocampus to WT levels (WT DMSO: 

100.0 + 3.2%, WT CDPPB: 97.2 + 1.9%, Tsc2*'/~ DMSO: 86.1 + 2.7%, 
Tsc2*/~ CDPPB: 94.9 + 3.0%; ANOVA: genotype *P = 0.006, treatment 

P= 0.275, genotype X treatment *P = 0.041; t-test: WT compared with 


electrophysiological and biochemical findings, we wondered if a 
similar amelioration would be observed with the mGluR5 PAM. A 
robust phenotype was reported to be an impairment in the ability of 
the Tsc2*’~ mice to distinguish between familiar and novel contexts 
in a fear conditioning task. Advantages of this task are that the learning 
occurs in one trial, making it amenable to acute drug treatment, and the 
memory is hippocampus dependent*™. Although a requirement for 
CA1 LTD per se has not been established, contextual fear discrimina- 
tion does depend on both mGluR5” and new protein synthesis at the 
time of training’’. In this assay, mice are first exposed to a distinctive 
context in which they receive an aversive foot shock. The next day, 
context discrimination is tested by dividing the animals into two 
groups: one is placed in the familiar context associated with the shock; 
the other is placed in a novel context (Fig. 3f). Context discrimination is 
assessed by measuring the time the animals express fear by freezing in 
each context. Although the WT mice clearly discriminate between 
contexts, the Tsc2*’” mice do not* (Fig. 3g). To test the effect of 
augmenting mGluR5 signalling, mice from both genotypes were 
injected intraperitoneally with CDPPB (10mgkg ') 30min before 
training. Although this treatment had no effect in the WT mice, it 
was sufficient to correct the deficit in context discrimination observed 
in the Tsc2*’~ mice. These results show that augmentation of mGluR5 
signalling is beneficial at the behavioural level in Tsc2*/~ mice and that 
disrupted mGluR5 function may be relevant to cognitive impairments 
associated with TSC. 
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Tsc2*'~ DMSO *P = 0.012; WT compared with Tsc2*/” CDPPB P = 0.538; 
Tsc2*'~ DMSO compared with CDPPB *P = 0.049; m = 17 animals). 

e, CDPPB exposure significantly increases Arc translation in the Tsc2*’ 
hippocampus (WT DMSO 100.0 + 28.2%, WT CDPPB 121.0 + 21.2%, 
Tsc2*/~ DMSO 59.2 + 7.0%, Tsc2"'” CDPPB 129.4 + 20.3%; ANOVA 
genotype P = 0.554, treatment *P = 0.009, genotype X treatment P = 0.114; 
t-test: Tsc2*/~ DMSO compared with CDPPB *P = 0.026; n = 6 animals). 
Error bars, s.e.m. f, Experimental design of context discrimination task. g, WT 
mice display intact memory by freezing more in the familiar context than the 
novel context (black bars; familiar: 50 + 7.7%, n = 12; novel: 34.1 + 3.2%, 
n= 14;*P = 0.003). A single injection of CDPPB (10 mgkg_ ', intraperitoneal) 
30 min before training has no effect on WT context discrimination (familiar: 
42.3 + 3.7%, n = 12; novel: 26.4 + 3.6%, n = 12; *P = 0.005). Control Tsc2*/— 
mice display an impairment in context discrimination (blue bars; familiar: 
40.9 + 5.3%, n = 11; novel: 39.3 + 5.2%, n = 14; P= 0.501), but this deficit is 
corrected by a single injection of CDPPB (familiar: 44.5 + 4.3%, n = 11; novel: 
31.6 + 3%, n = 12; *P = 0.034). Error bars, s.e.m. 


Fmr~” and Tsc2*’~ mutations cancel each other 


Contrary to our initial hypothesis, we found that mutations causing 
FXS and TSC, two disorders associated with autism and intellectual 
disability, show mirror symmetrical alterations in protein-synthesis- 
dependent LTD and have beneficial responses to treatments that 
modulate mGluR5 in opposite directions (Fig. 4a). These findings 
raised the intriguing possibility that these two mutations could cancel 
one another on this functional axis. To test this hypothesis, we intro- 
duced an Fmr1 deletion into the Tsc2*’/~ background by crossing 
Tsc2*’~ males with Fmr1*’~ females (Fig. 4b). This approach also 
enabled us to compare directly with WT the effects of the Tsc2*’~ and 
Fmr1 ” mutations in littermates reared under identical conditions. 
As expected, mGluR-LTD was diminished in Tsc2*’~ mice and 
excessive in the Fmrl~” mice, compared with WT (Fig. 4c,d). 
However, mice harbouring both mutations showed mGluR-LTD that 
was indistinguishable from WT (Fig. 4c,d). 

Although Tsc2*’~ and Fmr1~” mutations cause opposite altera- 
tions in mGluR-LTD and protein synthesis, the human disorders they 
are associated with have similar neurological and cognitive pheno- 
types. Might opposite deviations in synaptic function lead to shared 
cognitive impairments? To examine this question, we compared con- 
text discrimination in the Tsc2*/~ and Fmr1 ” mice and discovered 
that indeed they do share a deficit in this measure of memory (Fig. 4e). 
Remarkably, instead of being exacerbated, this memory deficit was 
erased in the double mutants (Fig. 4e). These results suggest that the 
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Figure 4 | Genetic cross of Tsc2*'~ and Fmrl ” mice rescues synaptic and 
behavioural impairments present in both single mutants. a, The data suggest 
that optimal synaptic function requires a narrow and tightly regulated level of 
synaptic protein synthesis and that deviations in either direction can impair 
function’**. TSC and FXS fall on different ends of this spectrum and respond to 
opposite alterations of mGluR35 signalling. These results raise the possibility 
that introducing both mutations to a mouse may normalize aspects of neural 
function. b, Genetic rescue strategy. Heterozygous Tsc2 male mice (Tsc2*’~) 
were bred with heterozygous Fmr1 females (Fmr1 x*/x~) to obtain male 
offspring of four genotypes: WT (Tsc2*'*, Fmr1*'"), Fmrl KO (Tsc2*!*, 
Fmr1~'"), Tsc2 Het (Tsc2*/~, Fmr1*’) and cross (Tsc2*’~, Fmr1~”’). 

c, DHPG-induced LTD is significantly decreased in slices from Tsc2*'~ mice 
(*P = 0.002) and significantly increased in slices from Fmr1~” mice 

(*P = 0.017), compared with WT slices. DHPG-LTD in slices from Tsc2*'~ x 
Fmrl~”’ mice is comparable in magnitude to WT slices (P = 0.558). (WT: 
78.9 + 2.1%, n = 7 animals, 17 slices; Fmrl1: 71.2 + 2.7%, n = 7 animals, 21 
slices; Tsc2: 89.5 + 2.6%, n = 7 animals, 15 slices; cross: 77.4 + 1.8%, n = 9 
animals, 19 slices). d, Summary of LTD data. Bar graphs, percentage decrease 
from baseline in fEPSP (average of last 5 min of recording = s.e.m.); *P < 0.05, 
** DP <().01. e, Both mutations cause a deficit in context discrimination that is 
rescued in the double mutant. WT mice (familiar: 42.9 + 4.6%, n = 11; novel: 
27.8 + 3.4%, n = 12; *P = 0.024), Fmr1 ” mice (familiar: 49.0 + 5.6%, n = 11; 
novel: 43.5 + 6.7%, n = 12; P= 0.483), Tsc2*'~ mice (familiar: 42.1 + 6.8%, 
n = 12; novel: 35.6 + 6.0%, n = 12; P= 0.395) and Tsc2*/~ X Fmr1~'Y mice 
(familiar: 50.5 + 5.2%, n = 11; novel: 29.8 + 5.2%, n = 11; *P = 0.011). Error 
bars, s.e.m. 


opposing synaptic deviations seen in Tsc2*/~ and Fmr1~” mice may 
manifest similarly at the behavioural level, as introducing both muta- 
tions not only reverses the disruptions of synaptic plasticity but 
rescues this memory impairment as well. 


Discussion 


LTD and protein synthesis downstream of mGluR5 have attracted 
attention in the context of several diseases, most notably FXS”’, 
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Fragile X is caused by the loss of FMRP, an mRNA-binding protein 
that negatively regulates translation*”**. In the Fmr1~”” mouse model, 
basal protein synthesis is elevated and LTD is exaggerated downstream 
of an mGluRS signalling pathway involving ERK1/2 (ref. 23). Partial 
inhibition of mGluR5 corrects multiple aspects of fragile X in animal 
models*”’. Recent data suggest that the mTOR signalling pathway is 
also constitutively overactive in the Fmr1 y mouse’’, but the relevance 
to exaggerated protein synthesis and altered synaptic function has 
been unclear. The current findings show that increased synaptic 
mTOR activity actually suppresses the protein synthesis required 
for LTD in the Tsc2*’~ mice. The idea that reduced protein synthesis 
is a causative factor in the observed deficit in synaptic plasticity is 
supported by the finding that pharmacological rescue with both 
rapamycin and CDPPB is abolished by cycloheximide, and the 
observation that Arc is deficiently translated in the Tsc2*/~ mice. 
There is good evidence that Arc is one of the proteins that normally 
must be synthesized to support mGluR5-dependent forms of long- 
term plasticity”®. Precisely how excess mTOR activity suppresses 
synthesis of these plasticity proteins remains to be investigated, but 
possibilities include hyperphosphorylation of FMRP*° or increased 
translation of a competing pool of less abundant mRNAs unrelated 
to LTD’”'*°. The fact that mGluR-LTD is altered in opposite direc- 
tions in Tsc2*/~ and Fmr1~” mice, and that both deviations are 
corrected in the double mutants, suggests that the pool comprising 
LTD proteins is differentially regulated by FMRP and TSC1/2 
(Fig. 3a). 

The current findings also suggest a new treatment for behavioural 
deficits associated with TSC. Previous studies in the Tsc2*/~ mouse 
raised the exciting possibility that cognitive aspects of the disorder might 
be ameliorated with rapamycin, even when treatment is begun in adult- 
hood*. Our data show that an mGluR5 PAM may be similarly effective. 
Although rapamycin has been used clinically, it is problematic for 
chronic treatment because of its strong immunosuppressive properties. 
The benefit of mGluR5 PAMs is that they target specifically the synaptic 
mechanisms that are probably responsible for the cognitive and 
behavioural impairments in TSC. 

TSC and FXS represent two leading genetic risk factors for ASD and 
intellectual disability*’. Although great strides have been made in iden- 
tifying genetic variation that correlates with non-syndromic autism, 
little is known about ASD pathophysiology, knowledge that is essential 
for developing effective therapies. Our test of the hypothesis that the 
Fmrl ” and Tsc2*’~ models of FXS and TSC have a shared synaptic 
pathophysiology revealed instead that they are at opposite ends of a 
spectrum: the Fmr1 mutation causes exaggerated synaptic protein syn- 
thesis and LTD that are corrected by inhibition of mGluR5 (ref. 31), 
whereas the Tsc2 mutation causes diminished synaptic protein syn- 
thesis and LTD that are corrected by augmentation of mGluR5 
(Fig. 4a). Moreover, the opposing effects of these mutations balance 
one another at synaptic and behavioural levels in the double mutant. 
This finding is interesting in light of recent discoveries that gain- and 
loss-of-function mutations in individual genes, such as MECP2, can 
often yield syndromes with overlapping features, such as epilepsy, 
cognitive impairment and ASD”. Our findings reveal that even 
genetically heterogeneous causes of ASD and intellectual disability 
may produce similar deficits by bidirectional deviations from normal 
on a common functional axis. The important implication is that 
therapies designed to correct one cause of ASD are not likely to be 
effective for all other causes, and might well be deleterious. It will be 
critical to understand where a patient lies on the spectrum of synaptic 
function to choose an appropriate therapy for ASD and other psychi- 
atric disorders. 


METHODS SUMMARY 


All experimental procedures were approved by the Institutional Animal Care and 
Use Committee at Massachusetts Institute of Technology. Age-matched, male 
littermate mice bred on the C57BI/6] clonal background were used in this study. 
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Acute hippocampal slices were prepared from P25-35 mice as previously 
described*' and field excitatory postsynaptic potentials (fEPSPs) evoked by 
stimulation of the Schaffer collaterals were recorded in CA1 stratum radiatum 
with extracellular electrodes. LTD was induced by applying R,S-DHPG (50 pM) 
or S-DHPG (25 tM) for 5 min, or by paired-pulse low-frequency synaptic stimu- 
lation’*” for 20 min. Metabolic labelling, immunoblotting and immunoprecipi- 
tation experiments were performed on yoked WT and Tsc2*/~ mice as described 
previously***. Context discrimination fear conditioning was performed as 
described previously*. For in vivo mGluR5 PAM experiments, animals received 
a single injection of CDPPB (10mgkg ‘, intraperitoneal) 30 min before the 
training session. For all data sets, outliers more than 2o from the mean were 
removed, and significance between more than two groups was determined using 
two-way analysis of variance (ANOVA) and post hoc Student’s t-tests. Statistics 
were performed using each animal as an ‘n’, with each animal represented by the 
mean of one to four slices for electrophysiology experiments, one slice per animal 
for biochemistry experiments and five to eight slices per animal for immunopre- 
cipitation experiments. All experiments were performed blind to genotype and 
include interleaved controls for genotype and treatment. For detailed methods, 
see Supplementary Information. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Animals. Tsc2*/~ male and female mutant mice on the C57BI/6J clonal back- 
ground were bred with C57BI/6] WT partners to produce the WT and Tsc2*/~ 
male offspring used in this study. For genetic rescue experiments, heterozygous Tsc2 
male mice (Tsc2*’) were bred with heterozygous Fmr1 females (Fmr1 x'/x-), both 
on the C57BI/6J clonal background, to obtain F1 male offspring of four genotypes: 
WT (Tsc2*!*, Fmr1*'’), Fmr1 KO (Tsc2*!*, Fmr1~'’), Tsc2 Het (Tsc2‘’”, 
Fmr1*!’) and cross (Tsc2‘’~, Fmr1~’”) (Fig. 4b). All experimental animals were 
age-matched male littermates, and were studied with the experimenter blind to 
genotype and treatment condition. Animals were group housed and maintained on 
a 12:12h light:dark cycle. The Institutional Animal Care and Use Committee at 
Massachusetts Institute of Technology approved all experimental techniques. 
Electrophysiology. Acute hippocampal slices were prepared from P25-35 animals 
in ice-cold dissection buffer containing (in mM): NaCl 87, sucrose 75, KCl 2.5, 
NaH>PO, 1.25, NaHCO; 25, CaCl, 0.5, MgSOx4 7, ascorbic acid 1.3, and D-glucose 
10 (saturated with 95% O2/5% CO,). Immediately after slicing, the CA3 region was 
removed. Slices were recovered in artificial cerebrospinal fluid (ACSF) containing 
(in mM): NaCl 124, KC] 5, NaH,PO, 1.23, NaHCO; 26, CaCl, 2, MgCl, 1 and 
p-glucose 10 (saturated with 95% O/5% COz) at 32.5°C for at least 3h before 
recording. 

Field recordings were performed in a submersion chamber, perfused with 
ACSF (2-3 ml min ') at 30°C. fEPSPs were recorded in CAI stratum radiatum 
with extracellular electrodes filled with ACSF. Baseline responses were evoked by 
stimulation of the Schaffer collaterals at 0.033 Hz with a two-contact cluster 
electrode (FHC) using a 0.2 ms stimulus yielding 40-60% of the maximal res- 
ponse. Field potential recordings were filtered at 0.1 Hz to 1 kHz, digitized at 
10 kHz and analysed using pClamp9 (Axon Instruments). The initial slope of 
the response was used to assess changes in synaptic strength. Data were normalized 
to the baseline response and are presented as group means + s.e.m. LTD was 
measured by comparing the average response 55-60 min after DHPG application 
to the average of the last 5 min of baseline. 

The input-output function was examined by stimulating slices with incrementally 
increasing current and recording the fEPSP response. Paired-pulse facilitation was 
induced by applying two pulses at different inter-stimulus intervals. Facilitation was 
measured by the ratio of the fEPSP slope of stimulus 2 to stimulus 1. NMDAR- 
dependent LTD was induced by delivering 900 test pulses at 1 Hz. mGluR-LTD was 
induced by applying R,S-DHPG (50 1M) or S-DHPG (25 11M) for 5 min, or by 
delivering 1,200 pairs of pulses (with a 50 ms interstimulus interval) at 1 Hz. In some 
experiments, slices were incubated with the protein synthesis inhibitor cyclohexi- 
mide (60 1M) for 30 min as follows: 20 min during baseline recording, 5 min during 
DHPG application and 5 min after DHPG application. For mGluR5 PAM experi- 
ments, slices were pretreated with CDPPB (10 uM) or DMSO control for 30 min in 
same manner as above, either in the presence of cycloheximide or control ACSF. For 
rapamycin experiments, slices were pretreated with rapamycin (20 nM) or DMSO 
control, with or without cycloheximide, for at least 30 min before recording and 
throughout the entire experiment. Significance was determined by two-way 
ANOVA and post hoc Student's t-tests. Statistics were performed using each animal 
as an ‘n’, with each animal represented by the mean of one to four slices. All experi- 
ments were performed blind to genotype and included interleaved controls for 
genotype and treatment. 

Metabolic labelling of new protein synthesis. Performed as described by 
Osterweil et al.”*. Briefly, 500 jim slices were recovered for 4h in 32.5°C ACSF 
(in mM: 124 NaCl, 3 KCl, 1.25 NaH,PO,, 26 NaHCOs, 10 dextrose, 1 MgCl, 2 
CaCl, saturated with 95% O, and 5% CO), incubated for 30 min with 25 uM 
ActD + rapamycin (20nM) or CDPPB (10M), and transferred to fresh 
ACSF + drug with 10 pCi ml ! [°°S]Met/Cys (Perkin Elmer) for another 
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30 min. After labelling, slices were homogenized, and labelled proteins isolated 
by TCA precipitation. Samples were read with a scintillation counter and sub- 
jected to a protein concentration assay (Bio-Rad). Final data were expressed as 
counts per minute per microgram of protein, normalized to the [*°S]Met/Cys 
ACSF used for incubation and the average incorporation of all samples analysed 
in that experiment. For autoradiography, homogenized slices were processed for 
SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose, stained for 
total protein using a Memcode staining kit (Pierce) and *°S-incorporated proteins 
visualized with the aid of a phosphorimager (Fujifilm). 

Immunoblotting. Immunoblotting was performed according to established 
methods using primary antibodies to Arc (Synaptic Systems), p-ERK1/2 
(Thr 202/Tyr 204) (Cell Signaling Technology) or ERK1/2 (Cell Signaling 
Technology). ERK1/2 phosphorylation was measured by densitometry 
(Quantity One), and quantified as the densitometric signal of p-ERK1/2 divided 
by the ERK1/2 signal in the same lane. To quantify Arc expression, the densito- 
metric signal of Arc was divided by the total protein signal (determined by 
Memcode staining) in the same lane. 

Immunoprecipitation. Hippocampal slices (five to eight per animal) were 
metabolically labelled with 50 wCiml~' [°°S]Met/Cys for 3h, and immunopre- 
cipitation performed on yoked WT and Tsc2*’~ slices essentially as described 
previously~*. Briefly, slices were homogenized in immunoprecipitation lysis 
buffer (Pierce) plus protease inhibitors (EMD Biosciences), spun at 16,000g 
and supernatants pre-cleared with protein A/G sepharose. To avoid contamina- 
tion of the Arc signal with IgG heavy chain, immunoprecipitation was performed 
using columns of monoclonal Arc antibody (a gift from P. Worley) crosslinked to 
protein A/G sepharose (Pierce Crosslink IP Kit). Immunoprecipitated Arc was 
resolved on SDS-polyacrylamide gel electrophoresis gels, transferred to nitrocellulose 
and exposed to a phosphorimager screen for 2-3 weeks. The same membranes 
were then immunoblotted for Arc. For each sample, the ratio of *°S-incorporated: 
total was calculated by dividing the density of the band seen by autoradiography to 
the density of band seen by immunoblot (in the same lane). 

Contextual fear conditioning. Six- to 12-week-old WT, Tsc2*'~, Fmr1~'Y and 
cross (Tsc2*/~ X Fmr1~‘Y) mice were fear conditioned to the training context with 
one 0.8mA shock (2s) as described by Ehninger et al.*. The mice were allowed 
3 min to explore context before conditioning and were removed 15 s after the shock 
was given and returned to the home cage. Conditioned fear response was assessed 
24h later by a trained observer blind to condition, measuring the percentage of 
time spent freezing during the test period (3 min session). To determine context 
specificity of the conditioned response, mice trained at the same time were sepa- 
rated into two groups: one group was tested in the same training context, the other 
tested in a novel context. This novel context was created by varying distal cues, 
odour (2% acetic acid compared with 70% ethanol), floor material (plastic com- 
pared with metal bars) and lighting (red compared with white) of the testing 
apparatus. For rescue experiments, animals received a single injection of 
CDPPB (10 mgkg ", intraperitoneal) 30 min before training session. 

Reagents: R,S-DHPG was purchased from Tocris Biosciences and S-DHPG was 
purchased from Sigma. Fresh bottles of DHPG were prepared as a 100 stock in 
H,0, divided into aliquots and stored at —80°C. Fresh stocks were made once a 
week. Rapamycin (EMD Biosciences) was prepared at 10 mM stock in DMSO and 
stored at —80°C. The final concentration of rapamycin was 20nM in less than 
0.01% DMSO. Cycloheximide (Sigma) was prepared daily at 100 stock in H2O. 
For slice experiments, CDPPB (EMD Biosciences) was prepared daily at 75 mM 
stock in DMSO with 0.5% bovine serum albumin (BSA) and diluted in ACSF to 
achieve a final concentration of 10 1M in less than 0.1% DMSO. For in vivo experi- 
ments, CDDPB was suspended in a vehicle consisting of 20% (2-hydroxypropyl)- 
(R)-cyclodextrin in sterile saline. All other reagents were purchased from Sigma. 
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The unusual gamma-ray burst GRB 101225A 
explained as a minor body falling onto a neutron star 


S. Campana, G. Lodato”, P. D’Avanzo!, N. Panagia®*?, E. M. Rossi®, M. Della Valle’, G. Tagliaferri’, L. A. Antonelli®, S. Covino!, 
G. Ghirlanda', G. Ghisellini’, A. Melandri', E. Pian?'°, R. Salvaterra!!, G. Cusumano”, V. D’Elia'*’, D. Fugazza', E. Palazzi!*, 


B. Sbarufatti! & S. D.Vergani! 


The tidal disruption of a solar-mass star around a supermassive black 
hole has been extensively studied analytically’? and numerically’. In 
these events, the star develops into an elongated banana-shaped 
structure. After completing an eccentric orbit, the bound debris falls 
into the black hole, forming an accretion disk and emitting radi- 
ation* *. The same process may occur on planetary scales if a minor 
body passes too close to its star. In the Solar System, comets fall 
directly into our Sun’ or onto planets®. If the star is a compact object, 
the minor body can become tidally disrupted. Indeed, one of the first 
mechanisms invoked to produce strong gamma-ray emission 
involved accretion of comets onto neutron stars in our Galaxy’. 
Here we report that the peculiarities of the ‘Christmas’ gamma-ray 
burst (GRB 101225A”) can be explained by a tidal disruption event 
ofa minor body around an isolated Galactic neutron star. This would 
indicate either that minor bodies can be captured by compact stellar 
remnants more frequently than occurs in the Solar System or that 
minor-body formation is relatively easy around millisecond radio 
pulsars. A peculiar supernova associated with a gamma-ray burst 
provides an alternative explanation". 

GRB 101225A image-triggered the Burst Alert Telescope (BAT) on 
board NASA’s Swift satellite on 25.776 December 2010 ut. The event 
was extremely long, with a Too (the time interval during which 90% of 
the flux was emitted) of >1.7ks, and smooth" by comparison with 
typical gamma-ray bursts'? (GRBs). The total 15-150-keV fluence 
recorded by the BAT is 23 x 10~° erg cm~? and there are no signs 
of decay. The X-ray Telescope and the Ultraviolet-Optical Telescope 
on board Swift found a bright, long-lasting counterpart to the GRB. 
Strong variability is observed in the early X-ray light curve. The optical 
counterpart, which was detected in all of the Ultraviolet-Optical 
Telescope filters, lags the X-ray light curve (Fig. 1). The X-ray and 
optical light curves are reminiscent of the shock break-out event 
observed in association with GRB 060218", but are fainter 
(~3.5 mag; that is, fainter by a factor of ~25) and do not have an 
X-ray afterglow at later times or a bright supernova component. 
Measurements by the European Space Agency’s XMM-Newton space 
observatory failed to detect an afterglow with an upper flux limit of 
~10 "4 erg cm *s ! at the 30 confidence level (0.5-10 keV; obser- 
vation made at At = 23 d after the trigger). 

Ground-based telescopes also followed the event, mainly in the R 
and I bands (Fig. 1). Surprisingly, optical spectra recorded in the first 
few days after the event failed to detect any spectral features, instead 
revealing a smooth blue continuum’. At later times, the optical light 
curves revealed a colour change from blue to red. The NASA Hubble 
Space Telescope imaged the field at At = 20d, finding a quite red 
object (Véo6(AB) = 24.6 mag and By35 — Veoo = 1.6 mag), with no host 
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Figure 1 | Light curves of GRB 101225A. GRB 101225A light curves in five 
energy bands: X-rays at 1 keV (black), ultraviolet at 2,030 A (green) and 2,634 A 
(blue), and optical at 6,400 A (R band, red) and 7,700 A (I band, orange). Error 
bars, 1o. Black arrow indicates the XMM-Newton upper limit. Other arrows 
indicate UV and optical upper limits according to their colour coding. The X-ray 
light curve represents only the disk contribution to the total flux (~0.3 of the total, 
as derived from spectral modelling) and is corrected for the interstellar absorption 
column density, of Ny = (2.0 + 0.1) x 107! cm? (which is greater than the 
Galactic value, NG“ =7.9 x 107° cm~?). This enhanced column density may be 
due to the fraction of the minor body’s mass that has been expelled from the 
system. The continuous lines of different colours (the same as the data) represent 
the fit to the light curves using the phenomenological model of tidal disruption”’. 
Because the model predicts a late transition of the accretion disk to a ‘cold’ 
solution, the fit has been carried out up to ~20 d (the excluded region is indicated 
in pink-grey). A thick pink line indicates the time of the transition. Our model has 
four parameters: the mass of the minor body (M:; we assume for simplicity a 
density of 1g cm >, thereby fixing the radius, R«), the periastron (rp), a 
geometrical factor (D*/cos(i), where D is the source distance and i the source 
inclination) and the optical absorption (Ay). The best fit is obtained for 
Ms~5 xX 107 Zrp~9X 10° km, D/\/ cos (i)~3 kpc and Ay ~ 0.8 (in excess of 
the Galactic value, AGH =0.3, consistent with the value determined by X-ray 
analysis). The peak mass accretion rate with these parameters is 

M=2 x 10! g s~! and the peak luminosity is L~ 3 X 10°° ergs ', consistent 
with our hypothesis of sub-Eddington accretion. In this regime, no emission lines 
are expected, at variance with super-Eddington events. Inset, X-ray light curve as 
observed by the Swift X-ray Telescope. Shaded regions highlight the periastron 
passages calculated using our tidal disruption model, which have a timescale of 
6,000-10,000 s. Outside each band, the X-ray emission markedly decreases, and 
this effect is strongest for the first passage. We verified that this effect is not 
instrumental in nature nor due to spectral changes. Inhomogeneities in the return 
debris are expected to give rise to variability on the fall-back timescale. 
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galaxy apparent at magnitudes at most 1 mag fainter’*. Later observa- 
tions carried out at the INAF Telescopio Nazionale Galileo recorded 
an I-band magnitude of I= 23.64+0.24mag at At=44d but 
recorded a non-detection (I> 24.5 mag, 30 confidence level) at 
At=55 d. Observations at the Spanish Gran Telescopio Canarias 
(At = 180d) detected GRB 101225A at gy, =27.21+0.27 mag and 
yy = 26.90 + 0.14 mag (ref. 11). 

These observational characteristics make GRB 101225A unique. 
Without a-priori knowledge of the distance, this event can result from 
different progenitors. We explored several possibilities (Supplemen- 
tary Information). Extragalactic models (involving GRBs, supernovae 
or blazars) are unlikely on the basis of total energy arguments, in 
combination with the faintness of the optical counterpart and putative 
host galaxy. Galactic models (involving X-ray binaries, magnetars or 
flare stars) are ruled out as well, on the basis of the extremely faint 
quiescent counterpart and the relatively high Galactic latitude. The 
timescale of the event, the longer duration at longer wavelengths 
and the faintness of a quiescent counterpart at all wavelengths all 
suggest a disruptive event involving a compact object. We propose 
that GRB 101225A results from the tidal disruption of a minor body 
around an isolated neutron star. Similar models have been already put 
forward to explain the presence of metal absorption lines in the white 
dwarf optical spectra’® and the infrared excess in the spectra of hot 
white dwarfs’’. 

A minor body gets disrupted if it comes within a distance of ~10°- 
10° km from the neutron star, where the internal forces that hold the 
body together are overwhelmed by the tidal pull of the neutron star. 
The debris that remain bound are thrown into highly eccentric orbits 
and then fall back to form an accretion disk around the star’*””. If the 
minor body has a low tensile strength, it gets fully disrupted (breaking 
down into gas), its early behaviour can be chaotic owing to the forma- 
tion of the disk with flares coincident with the periastron passages*”°, 
and the bolometric light curve is expected to decay, in the long term, as 
t> (refs 1, 2). 

If the matter that falls back to form the disk accretes at a sub- 
Eddington rate at all times (as in our case), the disk emission can be 
described as a spatial superposition of black bodies of increasing tem- 
peratures and depends on the parameters of the encounter’'. The 
physics of the event depends, to a first approximation, only on a very 
few parameters: the periastron of the minor body’s orbit (rp), the 
minor body’s mass and radius (M+ and R«; the mean density of a minor 
body in the Solar System is in the range ~1-10 gcm °, which adds an 
additional constraint), the minor body’s tensile strength, the neutron 
star mass (Mys) and the source distance (the distance between the 
neutron star and Earth). 

We fit the X-ray (1 keV), ultraviolet (UVW2 and UVW1 bands, 
centred at 2,030 and 2,634 A, respectively) and optical (R and I bands, 
centred at 6,400 and 7,700 A, respectively) light curves of GRB 
101225A with a four-parameter phenomenological model of tidal dis- 
ruption onto a neutron star”’ (Fig. 1). We assume that the neutron star 
mass is 1.4 solar masses and that the minor body has a density of 
1gcm ° and a low internal tensile strength. Our model is indicative 
of the physics involved, even though it cannot capture the full details of 
the event. We find an adequate fit for Mx ~ 5 X 10°’ g (half the mass of 
the asteroid Ceres) and a periastron radius of ~9,000 km (which is well 
within the tidal radius, thus demonstrating the internal consistency of 
the model). The mass of the minor body can be estimated within a 
factor of <3. This mass is large by comparison with those of objects in 
the asteroid belt but is typical of objects in the Kuiper belt. 

Assuming that half of the mass is accreted onto the neutron star and 
that the total fluence is 4X 10° erg cm ~, estimated within the 1-10°- 
s time interval (including a bolometric correction motivated by spec- 
tral fitting), we derive a distance of ~3 kpc, placing GRB 101225A in 
the Perseus arm of the Galaxy. The observed radiation is emitted both 
by an accretion disk (with a outer radius twice as large as periastron) 
and during the impact of matter on the neutron star surface. The early 
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spectral energy distribution (SED) at five different epochs can be 
adequately fitted by the emission from an accretion disk (with a tem- 
perature of Ty ~ 1.8 keV in units of energy, in agreement with model 
predictions) plus the emission from a boundary layer in which the disk 
matter slows down to accrete onto the neutron star (Supplementary 
Information). In particular, the initial high-energy emission observed 
by the BAT can be modelled as a black body with T ~ 10 keV (ref. 11). 
This cannot come from the disk but can be easily accounted for by 
mass accretion onto the neutron star surface. The presence of the 
boundary layer component rules out the compact object’s being a black 
hole. Small differences in the return times of debris are expected during 
the first periastron passages, and these give rise to X-ray variability on 
the timescale of this fall back®”°”’, as observed in the X-ray band (Fig. 1, 
inset). The X-ray variability timescale is indeed very similar to the fall- 
back timescale obtained from our modelling. 

The phenomenological model can explain the (observed) slower 
decay at longer wavelengths. It somewhat underestimates the observed 
decay of the optical flux starting at ~20 d. Changes in the properties of 
the accretion disk are expected on the basis of the theory of accretion 
onto neutron stars. The inner disk radius is increased by the neutron 
star’s magnetic field (even when this takes its minimal value, 10°- 
10° G). Furthermore, when the accretion rate decreases below a critical 
value, the disk develops a well-known thermal-viscous instability lead- 
ing to fast cooling**. We have calculated that, on the basis of the 
predicted evolution of the mass inflow rate, this transition occurs at 
At ~ 15-21d. The At = 40d SED can be modelled as arising from a 
cool ring (T' ~ 4,500 K) with a large inner radius. The At = 180d SED 
can be interpreted as the emission coming from a larger and colder 
ring (T ~ 650 K, resembling a protoplanetary disk) plus a contribution 
from the neutron star heated by the accreted material (Supplementary 
Information). 

Estimating the rate of such events is challenging. A wandering neutron 
star can intercept minor bodies as it passes through a planetary system. 
The capture rate can be evaluated on the basis of the hypothesis that all 
stars have Oort clouds similar to that of the Sun”. Applying this to the 
case of GRB 101225A, we derive a rate of ~0.3 events per year, in line with 
Swift observations. However, indirect arguments suggest a lower capture 
rate” and, in addition, larger minor bodies are rarer. The likelihood of a 
neutron star retaining its original population of small bodies is low, 
because they are unlikely to survive the supernova event. Nevertheless, 
planetary-like systems can reform around millisecond radio pulsars”””*, 
providing a viable mechanism for the occurrence of GRB 101225A. 


Received 8 April; accepted 23 September 2011. 


1. Rees, M. J. Tidal disruption of stars by black holes of 10°-10® solar masses in 

nearby galaxies. Nature 333, 523-528 (1988). 

2. Phinney, E.S.in Proc. 136th IAU Symp. ‘The Center of the Galaxy’ (ed. Morris, M.) 

543-553 (Kluwer, 1989). 

3. Evans,C.R. & Kochanek, C. S. The tidal disruption of a star by a massive black hole. 

Astrophys. J. 346, L13-L16 (1989). 

4. Renzini, A. et al. An ultraviolet flare at the centre of the elliptical galaxy NGC4552. 

Nature 378, 39-41 (1995). 

5. Bade,N., Komossa, S. & Dahlem, M. Detection of an extremely soft X-ray outburst in 

he HIl-like nucleus of NGC 5905. Astron. Astrophys. 309, L35-L38 (1996). 

6. Bloom, J. S. et al. A possible relativistic jetted outburst from a massive black hole 
fed by a tidally disrupted star. Science 333, 203-206 (2011). 

7. Sheeley, N. R. Jr, Howard, R. A. Koomen, M. J. & Michels, D. J. Coronagraphic 
observations of two new sungrazing comets. Nature 300, 239-242 (1982). 

8. Harrington, J., LeBeau, R. P. Jr, Backes, K. A. & Dowling, T. E. Dynamic response of 
Jupiter’s atmosphere to the impact of comet Shoemaker-Levy 9. Nature 368, 
525-527 (1994). 

9. Harwit, M. & Salpeter, E. E. Radiation from comets near neutron stars. Astrophys. J. 
186, L37-L39 (1973). 

10. Racusin, J. L. et a/. Swift observation of GRB101225A. GCN Rep. 314.1 (2011). 

11. Thone,C.C. etal. The unusual y-ray burst GRB 101225A froma helium star/neutron 
star merger at redshift 0.33. Nature doi:10.1038/nature10611 (this issue). 

12. Gehrels, N., Ramirez-Ruiz, E. & Fox, D. B. Gamma-ray bursts in the Swift Era. Annu. 
Rev. Astron. Astrophys. 47, 567-617 (2009). 

13. Campana, S. et al. The association of GRB 060218 with a supernova and the 
evolution of the shock wave. Nature 442, 1008-1010 (2006). 

14. Chornock, R., Marion, G. H., Narayan, G., Berger, E. & Soderberg, A. M. 
GRB101225A: MMT spectroscopy. GCN Circ. 11507 (2010). 


©2011 Macmillan Publishers Limited. All rights reserved 


15. 
16. 
17. 
18. 
19. 
20. 
2d; 
22. 
23. 
24. 
25. 
26. 


27. 


Tanvir, N. R. et a. GRB101225A: HST observations - no host detected. GCN Circ. 
11564 (2011). 

Gansicke, B. T. et al. A gaseous metal disk around a white dwarf. Science 314, 
1908-1910 (2006). 

Jura, M. A tidally disrupted asteroid around the white dwarf G29-38. Astrophys. J. 
584, L91-L94 (2003). 

Ulmer, A. Flares from the tidal disruption of stars by massive black holes. Astrophys. 
J.514, 180-187 (1999). 

Cannizzo, J. K., Lee, H. M. & Goodman, J. The disk accretion of a tidally disrupted 
star onto a massive black hole. Astrophys. J. 351, 38-46 (1990). 

Burrows, D.N. etal. Onset of a relativistic jet from the tidal disruption of a star by a 
massive black hole. Nature 476, 421-424 (2011). 

Lodato, G. & Rossi, E.M. Multiband light curves of tidal disruption events. Mon. Not. 
R. Astron. Soc. 410, 359-367 (2011). 

Guillochon, J., Ramirez-Ruiz, E. & Lin, D. Consequences of the ejection and 
disruption of giant planets. Astrophys. J. 732, 74 (2011). 

Lasota, J.-P. The disc instability model of dwarf novae and low-mass X-ray binary 
transients. N. Astron. Rev. 45, 449-508 (2001). 

Lasota, J.-P., Dubus, G. & Kruk, K. Stability of helium accretion discs in 
ultracompact binaries. Astron. Astrophys. 486, 523-528 (2008). 

Shull, J.M. & Stern, S. A. Gamma-ray burst constraints on the galactic frequency of 
extrasolar Oort Clouds. Astron. J. 109, 690-697 (1995). 

Jura, M. An upper bound to the space density of interstellar comets. Astron. J. 141, 
155 (2011). 

Wolszczan, A. & Frail, D. A. A planetary system around the millisecond pulsar 
PSR1257+12. Nature 355, 145-147 (1992). 


LETTER 


28. Sigurdsson, S., Richer, H. B., Hansen, B. M., Stairs, |. H. & Thorsett, S. E. A young 
white dwarf companion to pulsar B1620-26: evidence for early planet formation. 
Science 301, 193-196 (2003). 


Supplementary Information is linked to the online version of the paper at 
www.nature.com/nature. 


Acknowledgements The authors acknowledge support from ASI and INAF. 
S. Campana wants to thank A. Possenti and N. Tanvir for conversations, and 
acknowledges N. Schartel for granting a DDT XMM-Newton observation. 


Author Contributions S. Campana led the research and wrote the majority of 
manuscript, invented the tidal disruption model, and did the X-ray data analysis. G.L. 
and E.M.R. worked on the tidal disruption model, fitted the light curves providing the 
minor-body parameters, and estimated the rate of events. P.D.’A. analysed optical data. 
N.P., M.D.V., G.T. and S. Covino contributed to the exclusion of Galactic models. G. 
Ghisellini, G. Ghirlanda, N.P., E. Pian and M.D.V. contributed to the exclusion of 
extragalactic models. R.S. contributed to exclude the possibility of tidal disruption onto 
an intermediate-mass black hole. L.A.A.,A.M., G.C., V.D.’E., D.F., E. Palazzi, B.S. and S.D.V. 
contributed in obtaining optical data and provided an unbiased reading of the 
manuscript. 


Author Information Reprints and permissions information is available at 
www.nature.com/reprints. The authors declare no competing financial interests. 
Readers are welcome to comment on the online version of this article at 
www.nature.com/nature. Correspondence and requests for materials should be 
addressed to S. Campana (sergio.campana@brera.inaf.it). 


1 DECEMBER 2011 | VOL 480 | NATURE | 71 


©2011 Macmillan Publishers Limited. All rights reserved 


1 sid il Be 


doi:10.1038/nature10611 


The unusual y-ray burst GRB 101225A from a helium 
star/neutron star merger at redshift 0.33 


C. C. Théne!?, A. de Ugarte Postigo®, G..L Fryer’, K. L. Page®, J. Gorosabel', M. A. Aloy®, D.A. Perley’, C. Kouveliotou®, 

H. T. Janka’, P. Mimica®, J. L. Racusin’®, H. Krimm!°""”, J. Cummings'®, S. R. Oates!’ S. T. Holland'®'"’, M. H. Siegel'*, M. De 
Pasquale!’, E. Sonbas!®15, M. Im!°, W.-K. Park!®, D. A. Kann", S. Guziy!®, L. Hernandez Garcia, A. Llorente!’, K. Bundy’, 
C. Choi'®, H. Jeong”’, H. Korhonen*"*, P. Kubanek!8, J. Lim**, A. Moskvitin’, T. Mufioz-Darias”°, S. Pak? & I. Parrish’ 


Long y-ray bursts (GRBs) are the most dramatic examples of massive 
stellar deaths, often associated with supernovae’. They release ultra- 
relativistic jets, which produce non-thermal emission through syn- 
chrotron radiation as they interact with the surrounding medium’. 
Here we report observations of the unusual GRB 101225A. Its y-ray 
emission was exceptionally long-lived and was followed by a bright 
X-ray transient with a hot thermal component and an unusual 
optical counterpart. During the first 10 days, the optical emission 
evolved as an expanding, cooling black body, after which an addi- 
tional component, consistent with a faint supernova, emerged. We 
estimate its redshift to be z= 0.33 by fitting the spectral-energy 
distribution and light curve of the optical emission with a GRB- 
supernova template. Deep optical observations may have revealed 
a faint, unresolved host galaxy. Our proposed progenitor is a merger 
of a helium star with a neutron star that underwent a common 
envelope phase, expelling its hydrogen envelope. The resulting 
explosion created a GRB-like jet which became thermalized by inter- 
acting with the dense, previously ejected material, thus creating the 
observed black body, until finally the emission from the supernova 
dominated. An alternative explanation is a minor body falling onto a 
neutron star in the Galaxy’. 

On 25 December 2010, at 18:37:45 ut, the Burst Alert Telescope 
(BAT, 15-350keV) on board the Swift satellite detected GRB 
101225A, one of the longest GRBs ever observed by Swift* (see 
Supplementary Information); this GRB had To9 > 2,000 (Too is the 
time in which 90% of the y-ray energy is released”). A bright X-ray 
afterglow was detected for two days, and a counterpart in the ultra- 
violet, optical and infrared bands could be observed from 0.38 hours to 
two months after the event (see Supplementary Information). No 
counterpart was detected at radio frequencies®”. 

The most surprising feature of GRB 101225A is the spectral energy 
distribution (SED) ofits afterglow. The X-ray SED is best modelled with 
a combination of an absorbed power-law and a black body. The ultra- 
violet/optical/near-infrared (UVOIR) SED (see Fig. 1) can be fitted 
with a cooling and expanding black-body model until 10 days after 
the burst (see Supplementary Information), after which we observe 
an additional spectral component accompanied by a flattening of the 
light curve (Fig. 2). This behaviour differs from a normal GRB where 
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Figure 1 | Temporal evolution of the ultraviolet, optical and infrared 
(UVOIR) spectral energy distribution. The ultraviolet, optical and infrared 
counterparts were detected by UVOT (the ultraviolet telescope on board Swift) 
and several ground-based facilities, from 0.38 h to nearly 2 months after the 
GRB. This plot shows the evolution of the SED from the onset of the optical 
observations at 0.07 days to 40 days for all epochs with sufficient data to model 
the SED shape. Filled circles, detections; triangles, upper limits; error bars, 1c. 
The additional orange line on top of the smooth model at 2.0 days shows our 
flux-calibrated spectrum taken with the OSIRIS/GTC. The SED evolution 
requires two different components, a simple expanding and cooling black body 
up to ~10 days and an additional supernova component for the last four 
epochs. The solid lines show the combined evolution of the black body and 
supernova contributions, the dashed lines from day 5 on show the evolution of 
the black body component alone. The UVOIR black body evolves from an 
initial temperature of 43,000 K (0.07 d) to 5,000 K (18 d) and increases in radius 
from 2 X 10'*cm to 7 X 10'*cm at the same timescale. We used the SED at 40 
days to fit the supernova component with a template of the broad-line type Ic 
supernova 1998bw which was associated with GRB 980425. Reanalysing 
UVOIR data of XRF 060218"* and SN 2008D”, we find a similar thermal 
component over the first 3-4 days, but with an earlier onset of the supernova 
component (see Supplementary Information). 
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Figure 2 | Light curves of GRB 101225A in X-ray and ultraviolet/optical/ 
infrared bands. a, X-ray light curve; b, light curves in ultraviolet to infrared 
bands (colour coded by wavelength; see key). Filled circles, detections; large 
symbols, our observations; small symbols, values from the literature; triangles, 
upper limits; error bars, 1¢. Solid lines are the combined light curve from the 
black-body and the supernova component, excluding the contribution from the 
host galaxy. Dashed lines and dotted lines show the evolution of the black-body 
component and of the supernova, respectively. Observations started almost 
simultaneously in X-rays and optical/ultraviolet wavelengths. The X-rays 
reached a peak flux of 4.34 X 10 ?ergcm ’s '. After an initial shallow decay 
of slope t_'1°8*°°!! up to 21 ks, the X-rays show a strong decay with a slope of 
¢ °°? ~°29 inconsistent with synchrotron emission. The UVOIR light curves 
have a shallow maximum at the beginning, with different peak times for the 
individual bands due to the maximum of the black-body emission passing 
through the spectrum. The second component emerging at around 10 days 
post-burst is the contribution of an underlying supernova, modelled with the 
GRB-SN 1998bw as a template, stretched in time by a factor of 1.25 and 
decreased in luminosity by a factor of 12 (in restframe). The absolute 
luminosity of the supernova is My,abs = —16.7 mag, the faintest supernova 
associated with a GRB. At ~180 days we detect the very faint host at 
magnitudes of g’ = 27.36 + 0.27 and r’ = 26.90 + 0.14 or Mgaps = — 13.7 
(0.001 L*, where L* is the characteristic luminosity). c, Colour image of the field 
of GRB 101225A observed at 40 days (indicated by a grey bar in b) with the 
afterglow location marked by a box. 


the SED follows a power law owing to synchrotron emission created in 
shocks when the jet hits the interstellar medium (see, for example, 
ref. 2). 

An optical spectrum taken two nights after the burst does not show 
any spectral lines (see Supplementary Information). We fitted the SED 
and light curve with the template of SN 1998bw, a type Ic supernova 
associated with GRB 980425%, and obtained a redshift of z = 0.33 (see 
Supplementary Information). At this distance, the supernova has an 
absolute peak magnitude of only My,,b; = — 16.7 mag, which makes it 
the faintest supernova associated with a long GRB””®. In contrast, the 
y-ray isotropic-equivalent energy release at z= 0.33 is >1.4 X 10°! 
erg, typical of other long GRBs but more luminous than most other 
low-redshift GRBs associated with supernovae'’. We detect a possible 
host galaxy in g’ and r’ bands with the OSIRIS instrument on GTC 
(Gran Telescopio Canarias) at 6 months after the burst with an abso- 
lute magnitude of only Mg.aps = — 13.7 mag, ~2 mag fainter than any 
other GRB host'*. Although its blue colour matches that of a star- 
forming galaxy, our observations do not allow us to resolve it as an 
extended source. 


LETTER 


At z= 0.33, the X-ray black body has a radius of ~2 X 10'' cm 
(~3 solar radii) and a temperature of ~1 keV (10’ K) at 0.07 d with 
little temporal evolution. Such a thermal component, attributed to the 
shock breakout from the star, has also been observed for XRF 0602187, 
XRF 100316D/SN 2010dh** and GRB 090618”, all nearby GRBs asso- 
ciated with type Ic supernovae’*"*’”"*, with similar temperatures but 
larger radii. The UVOIR black body starts with a radius of 2 X 10'* cm 
(~13 Av) anda temperature of 8.5 X 10* Kat similar times and evolves 
considerably over the next 10 days, reaching a radius of 7 X 10'*cm 
and temperature of 5,000K. The evolution of the two black-body 
components suggests that they must stem from different processes 
and regions (see Supplementary Information). 

An appealing model is a helium star—neutron star merger with a 
common envelope phase, a model that has been proposed earlier as a 
possible progenitor for GRBs'”*!. In this scenario, a binary system 
consisting of two massive stars survives the collapse of the more 
massive component to a neutron star. When the second star leaves 
the main sequence and expands, it engulfs the neutron star, leading toa 
common-envelope phase and the ejection of the hydrogen envelope 
and part of the helium core as the remnant spirals into the centre of the 
second star. When the neutron star reaches the centre, angular 
momentum forms a disk around the remnant of the merger, allowing 
for the formation of a GRB-like jet. This remnant might be a magnetar 
whose prolonged activity can explain the very long duration of the 
GRB. 

The interaction of this ultra-relativistic, well-collimated jet with the 
previously ejected common-envelope material can explain both the 
X-ray and UVOIR emission components. Estimating that the in-spiral 
takes 5 orbits or 1.5 yr and material is ejected at escape velocity, the 
outer ejecta are at a distance of a few times 10'* cm at the time of the 
merger, consistent with the radius of the UVOIR black body. We 
assume that the ejecta form a broad torus with a narrow, low-density 
funnel along the rotation axis of the system that permits the passage of 
the y-radiation generated in the jet. Most of the jet hits the inner 
boundary of the common-envelope ejecta and only a small fraction 
of it propagates through the funnel. The X-ray emission is produced by 
shocks created by the interaction of the jet with the inner boundary of 
the common-envelope shell. As the jet passes through the funnel, it 
decelerates owing to the increased baryon load and shear with the 
funnel walls so that a regular afterglow signature is suppressed. 
When the now mildly relativistic, mass-loaded jet breaks out of the 
common-envelope ejecta, it produces the UVOIR emission in the first 
10d. As the supernova shock expands beyond the common-envelope 
shell, we observe a small bump in the light curve at ~30 d. This helium 
star/neutron star merger scenario naturally assumes the production of 
a relatively small amount of radioactive nickel, leading to a weak 
supernova (for a detailed description of the different processes, see 
Supplementary Information). 

A similar scenario might explain another, previously detected, 
event, XRF 060218", which showed a thermal component both in 
X-rays and at optical wavelengths (see Supplementary Information), 
albeit with a different progenitor system producing a brighter super- 
nova and a fainter GRB. On the other hand, a class of GRBs exist that 
show a thermal component in X-rays, but have a classical afterglow 
with a power-law SED, such as GRB 090618". Finally, SN 2008D, a 
type Ib supernova in NGC 2770” showing X-ray emission, had an 
early thermal component in the optical emission (see Supplementary 
Information), attributed to the shock breakout and independent of the 
supernova emission itself. GRB 101225A might hence be, together 
with XRF 060218, a member of a newly defined class of ‘black-body- 
dominated’, supernova-associated, long-duration GRBs, which arise 
in very dense environments that are created by the progenitor systems 
themselves; this dense environment thermalizes the high-energy output 
from the collapsing star. The non-relativistic, uncollimated emission in 
this scenario makes it difficult to detect such events at higher redshifts. 
This makes GRB 101225A a fortunate case that allows us to derive 
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conclusions about the progenitor system and its environment from a 
new variety of massive stellar death, which had so far been only pro- 
posed to exist theoretically. 
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Observation of a pairing pseudogap in a 
two-dimensional Fermi gas 


Michael Feld, Bernd Frohlich", Enrico Vogt', Marco Koschorreck! & Michael K6hI! 


Pairing of fermions is ubiquitous in nature, underlying many 
phenomena. Examples include superconductivity, superfluidity 
of *He, the anomalous rotation of neutron stars, and the crossover 
between Bose-Einstein condensation of dimers and the BCS 
(Bardeen, Cooper and Schrieffer) regime in strongly interacting 
Fermi gases. When confined to two dimensions, interacting many- 
body systems show even more subtle effects’, many of which are 
not understood at a fundamental level. Most striking is the (as 
yet unexplained) phenomenon of high-temperature super- 
conductivity in copper oxides, which is intimately related to the 
two-dimensional geometry of the crystal structure. In particular, it 
is not understood how the many-body pairing is established at high 
temperature, and whether it precedes superconductivity. Here we 
report the observation of a many-body pairing gap above the 
superfluid transition temperature in a harmonically trapped, 
two-dimensional atomic Fermi gas in the regime of strong coup- 
ling. Our measurements of the spectral function of the gas are 
performed using momentum-resolved photoemission spectro- 
scopy”, analogous to angle-resolved photoemission spectroscopy 
in the solid state*. Our observations mark a significant step in the 
emulation of layered two-dimensional strongly correlated super- 
conductors using ultracold atomic gases. 

One essential mechanism to establish collective quantum phases in 
Fermi systems, such as superconductivity or superfluidity, is fermionic 
pairing. In the case of weak attractive interactions between spin-up and 
spin-down fermions in three dimensions, Cooper pairs form on the 
surface of the Fermi sea, even though in vacuum no two-particle bound 
state exists. Pairing and the condensation of pairs go hand in hand. 
However, in this weak coupling limit, the gap and hence the super- 
conducting transition temperature T. are exponentially small. The 
fundamental and technological quest for increasing the superconducting 
transition temperature has led to the discovery of correlated materials 
that depart from weak coupling theory. These are complex compounds 
that combine strong interactions and large quantum fluctuations (owing 
to a two-dimensional geometry), both of which hinder a precise under- 
standing and thorough theoretical modelling, even at zero temperature. 
Strongly correlated, two-dimensional, layered superconductors have 
displayed a wealth of new and unexpected phenomena. Among these 
is the peculiar observation of a suppression of low-energy weight in the 
single-particle spectral function above T- and hence without direct link 
to superconducting behaviour*”’. The origin of this pseudogap phe- 
nomenon so far lacks full understanding, and the implications of the 
pseudogap for the appearance of superconductivity have remained an 
open question. 

Ultracold atomic gases provide an ideal testing ground to uncover 
the physics of strongly correlated Fermi systems because of the excep- 
tional capability to tune the system parameters. Experiments in three- 
dimensional Fermi gases have observed fermionic many-body pairing 
in the crossover regime from BCS-like pairing to Bose-Einstein con- 
densation of dimers (for a review, see ref. 8). Neither in the BCS-limit 
nor in the Bose-Einstein condensate (BEC)-limit is a pseudogap 


expected in three dimensions. In between, that is, for kglal > 1, the 
gas is in the unitary regime of strongest interactions. Here ky is the 
Fermi wave vector, and a is the s-wave scattering length between spin- 
up and spin-down particles. Whether a pairing pseudogap phase exists 
here or whether a Fermi-liquid state dominates is still debated”"””. 

When the motion of particles is constrained to a two-dimensional 
plane, a bound state with binding energy Ex exists for any value of the 
three-dimensional scattering length*'*'°. This is in contrast to the 
situation in three dimensions, where weakly bound molecules start 
to appear in the unitary regime of strongest interaction. The presence 
of the two-body bound state in vacuum is a necessary and sufficient 
condition for many-body pairing in a medium in two dimensions”’, 
and a small binding energy Ez < Ey corresponds to the attractive BCS- 
like regime with interaction parameter In(kpazp) > 1. Here Ep denotes 
the Fermi energy, a2p =h/\/mEx > 0 is the two-dimensional scatter- 
ing length, m is the mass of the atoms and h is Planck’s constant 
divided by 27. At zero temperature, BCS-type superfluidity has been 
predicted in the attractive two-dimensional mean-field regime”. 

Qualitatively, we understand the behaviour at strong coupling and 
finite temperature by considering a complex order parameter’, 
A(x) =|A (x)|e”™. The phase 0(x) may fluctuate as a function of the 
spatial coordinate x, for example, driven by thermal fluctuations and 
quantum fluctuations enhanced in low-dimensional systems. For tem- 
peratures below the Berezinskii-Kosterlitz-Thouless transition tem- 
perature Tgxr, the superfluid gap 4,. = (A) is larger than zero. For 
higher temperatures, T > Tx, phase fluctuations destroy long range 
order (that is, (e“”) = 0), however, the modulus (|A|) remains finite 
up to the pairing crossover temperature T*, which is of the order of Eg. 
The regime between Tpxy and T™* is referred to as the pseudogap 
regime, and is still little understood. The transition between the normal 
phase and the pseudogap phase is not associated with breaking a 
continuous symmetry but is a crossover phenomenon. This scenario 
is different from standard weak-coupling mean-field BCS theory in 
which the superfluid gap is destroyed by pair breaking and T, and T* 
are approximately equal. The temperature range for accessing the 
pseudogap phase, that is, the difference between T* and Tpxr, is par- 
ticularly large in two dimensions, because enhanced quantum fluctua- 
tions and second-order interaction effects suppress Tg, with respect 
to the mean-field result. The pseudogap regime is connected by a 
crossover to a Bose-liquid regime of local pairs when In(kzazp) crosses 
zero or, equivalently, Ex = 2Er. 

Here, we study two-dimensional Fermi gases for T > Tx in the 
strongly interacting regime |In(kpazp)| = 1, in which the size of the 
pairs is comparable to the mean interparticle spacing. Hence, Pauli 
blocking and other many-body effects act on the pairing, and a key 
question is whether a pseudogap phase exists above the superfluid 
transition temperature*”°, Tgxr ~ 0.1Tp. We investigate many-body 
pairing using momentum-resolved radio-frequency (r.f.) spectroscopy 
(see Methods). To this end, a long-wavelength photon of energy /Q 
creates a single-particle excitation in the two-dimensional gas, which 
we detect at momentum k. This measures the spectral function A(k, Q) 
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Figure 1 | Measuring the spectral function. a, Measured photoemission 
signal at In(kpap) = 0. The image is averaged over six repetitions, and we plot 
logo of the optical density (OD). The signal is proportional to the single- 
particle spectral function A(k,Q). b, Energy distribution curves for various 
values of the momentum, /ik (shown top left in each subpanel). The data of the 
pairing peak (lower feature in a) are fitted with a modified Gumbel distribution 
(solid red curve) and the peak positions (red crosses, connected by red dashed 
line) indicate the back-bending of the dispersion curve as compared to the k = 0 
peak position (dotted line). The data of the atomic peak are fitted with a 
Gaussian. 


multiplied by the fermionic occupation function. This technique was 
originally developed for the study of solid state materials, such as 
copper oxide superconductors*, but recently has been successfully 
adapted to cold atomic systems””. 

Figure 1a shows a measured spectral function, typical of the data sets 
we use in this Letter. The spectrum exhibits two features: the upper 
branch near zero energy corresponds to unpaired atoms, most probably 
from low-density regions of the trap, with vanishingly small interaction 
between the free atoms”’. The lower branch corresponds to the pairing 
signal with a non-trivial dispersion in the spectral function. In Fig. 1b we 
plot the spectra A(Q) for constant values of k, which show clearly 
asymmetric line shapes as expected for pair breaking into a continuum, 
together with our fits (see Methods). 

We analyse the spectral function for various interaction strengths 
and temperatures. In the attractively interacting regime In(kya2p) > 0 
the size ap of the pairs is larger than the mean interparticle spacing 
ke ! Therefore, at low temperature no isolated dimers exist in the 


sample but a many-body pairing gap opens in the spectrum, concep- 
tually similar to a BCS-paired state in three dimensions. The zero- 
temperature limit of the two-dimensional BEC-BCS crossover has 
been investigated in the framework of mean-field theory’”’. This has 
led to the remarkable prediction that at zero temperature the con- 
densation energy per particle Ej = A?_/2E; at k = 0 should be equal 
to the two-body binding energy in vacuum Eg for all interaction 
strengths. 

The expected r.f. spectrum can be qualitatively estimated on the 
basis of mean-field theory of a BCS state at zero temperature. Many- 
body pairing causes an energy threshold Ey, and this energy has to be 
supplied by the r-f. field to create a single-particle excitation. Ignoring 
final state interactions and assuming two-dimensional geometry with 
a constant density of states, the momentum integrated lineshape has 
the form [(Q) « O0(hQ — E,,)/Q", where 6(x) is the Heaviside func- 
tion. We investigate many-body pairing at low temperatures by study- 
ing the energy threshold E,, of the pairing peak in the photoemission 
spectrum at momentum k = 0. This quantity is closely linked to Eo, 
and its disappearance, for example as temperature is increased, indi- 
cates the transition into a normal phase. Investigating E,, at k = 0, 
rather than for example at kp, has the advantage that averaging over 
the inhomogeneous spread of k; and the chemical potential y of the 
approximately 30 two-dimensional gases (see Methods) has a small 
effect because the mean-field prediction at zero temperature is not 
explicitly dependent on yw and ky. At the temperature T/T; = 0.27 
(see Fig. 2a, top row), we observe a negligible contribution of free 
atoms and a sharp onset of the pairing peak. As we increase the tem- 
perature of our sample (see Fig. 2a, bottom row), the spectral weight at 
low energies increases because the pairing peak broadens and the 
threshold shifts. For In(kgazp) = 0.8 at T/Tp = 0.65, for example, the 
broadening creates a significant amount of low-energy spectral weight 
and the threshold of the spectrum even moves to positive energies. The 
latter result shows that the energy gap has completely disappeared. 

In Fig. 2b we show the measured temperature dependence of E,, for 
various interaction strengths on the BCS side of the resonance 
In(kgazp) > 0, where no local dimers exist in the sample. We observe 
that E,, moves towards zero with increasing temperature, which indi- 
cates that the many-body pairing gap vanishes. We compare our data 
to finite temperature mean-field theory in two dimensions’. Overall, 
the numerically calculated energy Ey = |A(T)|7/2E, reproduces our 
experimental data for E,, without free parameters (solid lines in 
Fig. 2b). However, some discrepancies remain. For example, for the 
coldest temperatures the average of E,,/E, over all interaction 
strengths is 0.84 + 0.05, approximately 15% smaller than predicted 
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Figure 2 | Pairing in the strongly interacting two-dimensional Fermi gas. 
a, Energy distribution curves extracted from the photoemission signal at k = 0 
(proportional to A(k = 0, Q)) for different values of In(kzazp) and temperatures 
T/T; (shown top right in each subpanel). For low temperatures, hardly any 
unpaired atoms exist. The solid line is the fit described in the text. b, Energy 
threshold of the pairing peak as a function of temperature for different 
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interaction strengths (shown bottom left in each subpanel). The solid lines are 
predictions of mean-field theory for the quantity |A(T)|’/2Er in two 
dimensions without free parameters. The shaded area marks the uncertainty of 
our determination of In(kpazp), which is £0.1. Error bars, 1o fit errors. They 
become larger towards larger values of In(kza2p) because of the division by the 
exponentially smaller binding energy Ex. 


©2011 Macmillan Publishers Limited. All rights reserved 


by mean-field theory. The deviation could stem from beyond mean- 
field effects provoked by our two-dimensional geometry and inter- 
action energy shifts. It could be more precisely computed using 
quantum Monte Carlo calculations, which, however, up to now exist 
only for zero temperature”’. From our data we conclude that we have 
realized a many-body pairing phase in two dimensions and observed 
how it vanishes as the temperature is increased to approach the pairing 
crossover temperature, T*. Our data are taken above the critical tem- 
perature for superfluidity Tyx7 in two dimensions, which is predicted 
to be at T/T; ~ 0.1 in the strong coupling regime. We have verified this 
experimentally by using a rapid magnetic field sweep across the 
Feshbach resonance to project the possibly condensed pairs onto 
deeply bound molecules and then image the molecular condensate 
after time-of-flight’*. Whereas this procedure allows us to observe 
three-dimensional Fermi condensates, in our two-dimensional 
samples no condensation was detected. We therefore identify our 
phase as a pairing pseudogap phase. 

In addition to the energy threshold at zero momentum, we also 
investigate how the quasiparticle dispersion is affected when changing 
temperature and interaction strength. We extract the dispersion data 
from the peak of the spectral function E,eax(k) = maxg[A(k, Q)] (see 
Fig. 1b). In the crossover region and on the BEC side of the resonance, 
the dispersion shows a pronounced concave shape at large momenta 
(‘back-bending’), which we display in Fig. 3a for various inter- 
action strengths. This shape is reminiscent of the hole dispersion of 
a BCS state and qualitatively similar to that of a three-dimensional 
Fermi gas near unitarity. We fit the dispersion relation 


E(k) =y— \/ lt? (2m) (2 —k*?)| * 4 A? for k< 1.5kp using the zero 
temperature mean-field prediction for the chemical potential’? to 
extract the parameters effective mass m* and the wave vector k*, at 
which the back-bending occurs. In Fig. 3b and c we display the results 
of k* and m*, respectively, which show that k* remains similar to 
kp = 8.1 um | across the whole crossover. We note that the temper- 
ature of the cloud increases on the far BEC side, possibly due to heating 
introduced by the nearby confinement-induced p-wave resonance”. 
We model our data on the BEC side of the resonance with a thermal 
ensemble of singlet pairs using the exact expression of the pair wave- 
function in two dimensions and the experimentally determined tem- 
peratures* (see Methods). The approximation of phase-disordered 
pairs in the normal state includes the correct short-range physics but 
neglects interactions between pairs as well as Pauli-blocking in the 
dissociation process. Our numerical data show that for experimentally 
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Figure 3 | Interaction dependence of the quasiparticle dispersion. 

a, Dispersion for different interaction strengths at T/T; = 0.27. In the strongly 
interacting crossover regime, we observe back-bending of the dispersion 
relation, which vanishes in the regime of small interaction. The solid lines are 
the fits ofa BCS-like dispersion relation, defined in the text. b, Wave vector k* at 
which the back-bending of the spectral function occurs, extracted from a fit to 
the dispersion relation. The dashed line indicates the Fermi wave vector. 

c, Effective mass, extracted from a fit to the dispersion relation. The solid lines 
in b and c are the prediction of a thermal singlet model. The error bars (1¢) 
reflect the fitting errors. 


LETTER 


aol | a: _ é )} 4 
7 ee ? wal | 
Wo 4.5 90? e ] f 
Ww @ : 

201909009?” T/T, = 0.65 J ¢ y 
b -20F ; 1 — a 
a T/T, = 0.45 02) ee 
up -2.5p eo? co a 
wu gaaeers ett x o? 

3.09 @ 9 @ tok se 
c eg ait @ 

e 

a Ieseseee*® ot 4 
= -3.0b J 
. T/T, = 0.27 

-3.5 \ ; f f , ; ; 0.0 1 

0.0 0.4 0.8 1.2 1.6 1.0 -0.5 0.0 
k (k,) In(kpayp) 


Figure 4 | Temperature dependence of the quasiparticle dispersion. 

a-c, Temperature dependence of the back-bending signature of the 
quasiparticle dispersion at In(kgayp) = —0.2. d, Evolution of the pairing 
temperature T; as a function of the interaction parameter In(kpa2D). The 
dashed line is the theoretical prediction of T* from mean-field theory, scaled by 
a factor of 0.36. 


relevant parameters the thermal singlet model can give rise to a back- 
bending feature of the photoemission spectrum with similar values of 
m* and k* as in the experiment (see solid lines in Fig. 3b and c). A 
contribution to the back-bending effect from incoherent pairs has been 
predicted previously in three dimensions*®. We note that, despite 
working reasonably well for k* and m*, the thermal singlet model 
makes incorrect predictions for the energy threshold in Fig. 2. 

It is instructive to observe what happens to the dispersion signal at 
elevated temperatures. To this end, we have performed experiments in 
the range 0.27 = T/T; = 0.65 in the strongly interacting crossover 
regime. We observe that the BCS-like dispersion relation converts into 
a free-particle-like dispersion as the temperature is increased (see 
Fig. 4a—c) and we determine the temperature Tj at which this change 
takes place. Figure 4d shows the variation of T3 (in units of Eg) in the 
crossover regime and on the BEC side. We find that the temperature 
T; is comparable to the pairing temperature 7* of mean-field theory 
(dashed line in Fig. 4d), but a factor of 0.36 smaller. This discrepancy 
could suggest that the appearance of the back-bending feature in the 
spectral function, which has been interpreted as a signature for many- 
body pairing*"’, is mainly a qualitative evidence. In contrast, our spec- 
troscopic measurements of the energy threshold (see Fig. 2) give 
quantitative results for many-body pairing and agreement with theory 
even in a regime where no back-bending feature is observable. 

In conclusion, we have observed a many-body pairing gap above 
the superfluid transition temperature of a strongly interacting two- 
dimensional Fermi gas. Our results represent a major step in emulating 
and understanding pairing in two-dimensional, strongly correlated 
materials using cold atoms. In future experiments, an even closer 
cross-link to copper oxide high-temperature superconductors could 
be provided by the inclusion of an optical lattice potential to realize the 
two-dimensional Fermi-Hubbard model. In this model, a pseudogap 
phase is expected for a slightly doped antiferromagnetic state, and it is 
believed to precede exotic quantum states like the d-wave super- 
conducting phase, which will be detectable by our technique. 


METHODS SUMMARY 


In our experimental set-up'’, we prepare a quantum degenerate Fermi gas of OK 
atoms in a 50/50 mixture of the two lowest hyperfine states, |F = 9/2, mp = —9/2) 
and |F = 9/2, mp = —7/2). We confine the quantum gas to two dimensions in a 
deep optical lattice formed by a standing wave laser field, preparing approximately 
30 layers. The interaction strength between spin-up and spin-down particles is 
tuned at a Feshbach resonance near 202.1 G. The photoemission measurement 
couples the |F = 9/2, mp = —7/2) state to the weakly interacting state |F = 9/2, 
mp = —5/2) using a radio-frequency photon of frequency Q with negligible 
momentum transfer. We measure the momentum distribution of the transferred 
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atoms ina time-of-flight experiment and average the absorption signal azimuthally 
to obtain A(k, Q), where k= \/k2 +ki. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Experimental set-up. We evaporatively cool a 50/50 spin mixture of “°K atoms in 
the |F = 9/2, mp 9/2) = |—9/2) and |F = 9/2, mp 7/2) =|—7/2) states of 
the hyperfine ground state manifold’’. After reaching quantum degeneracy in a 
crossed-beam optical dipole trap with approximately 70,000 atoms per spin state, 
we turn on an optical lattice potential in order to prepare two-dimensional Fermi 
gases'’*°*!*?. The optical lattice is formed by a horizontally propagating, retro- 
reflected laser beam of wavelength A = 1,064 nm, focused to a waist of 140 um. We 
increase the laser power over a time of 200 ms to reach a final potential depth of up 
to Viat = 83Erec, Which is calibrated by intensity modulation spectroscopy. 
Exec = h’/(2m2”) is the recoil energy. The trapping frequency along the strongly 
confined direction is w = 2m X 78.5kHz. After loading the optical lattice, we 
adiabatically reduce the power of the optical dipole trap such that the atoms are 
confined only by the Gaussian intensity envelope of the lattice laser beams. The 
radial trapping frequency of the two-dimensional gases is @ | = 2m X 127 Hz for 
Viat = 83E rec and we confine of the order of 10° atoms per two-dimensional gas at 
the centre of the trap. Along the axial direction we populate approximately 30 
layers of the optical lattice potential with an inhomogeneous peak density distri- 
bution. Approximately two thirds of the two-dimensional layers with highest 
density dominate the measured signal, and their relevant energy scales Ep, Ep 
and A’/2E, are more than an order of magnitude larger than the trapping fre- 
quency « ,. Therefore, finite particle number effects do not influence the mea- 
sured signal. After evaporation, we adiabatically increase the interaction strength 
by lowering the magnetic field, at a rate of up to 0.25 Gms |, toa value near the 
Feshbach resonance at 202.1 G. We apply a radio-frequency pulse near 47 MHz 
with a Gaussian amplitude envelope with a full-width at half-maximum of 230 1s 
to transfer atoms from the | —7/2) state to the |F = 9/2,mp = —5/2) state. Atoms in 
the |9/2,—5/2) state have a two-body s-wave scattering length of 130 Bohr radii 
with the |—7/2) state and 250 Bohr radii with the |—9/2) state’. We turn off the 
optical lattice 100 p's after the radio-frequency pulse, switch off the magnetic field 
and apply a magnetic field gradient to achieve spatial splitting of the three spin 
components in a Stern-Gerlach experiment. For each run, the magnetic field is 
calibrated using spin-rotation with an r.f. pulse of an imbalanced mixture on the 
|—9/2)/|—7/2) transition. The magnetic field accuracy deduced from these mea- 
surements is <3mG. We measure the temperature by ballistic expansion of a 
weakly interacting gas, and the quoted numbers refer to the average of T/Ty across 
the whole sample. 

Determination of the energy threshold E,, of the energy distribution curve. 
We fit our data with a double-peak fitting function comprising a Gaussian for the 
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atomic signal and a modified Gumbel function f(Q) = « exp[—(Q— Qo)/b—a 
exp(—(Q — Qo)/(ab))] for the pairing peak. The parameter Qo measures the peak 
position and the parameters a and b measure skewness and width. For our further 
analysis, we only use the peak position 2, which does not depend on the line shape 
function used. From this fit we determine the maximum of the molecular peak 
Vmax = 29 and the minimum between the atomic and the molecular peak Vypin. 
Between Vj = Vmax aNd V2 = Vmin — 2 KHz we fit the data with a linear function and 
determine the zero-crossing of the linear extrapolation as the energy threshold Ej. 
We correct the obtained result for our spectral resolution of 1.5 kHz, obtained from 
the width of the Gaussian fits. The data are normalized to the two-body binding 
energy in vacuum which we obtain from the transcendental equation® 


a- | exp(—Epu/(hw)) 
fe/ j V4nu3 (: (ai— it | 


Here, |, = \/h/mw and a is the three-dimensional scattering length using the 
following parameters of the Feshbach resonance: By = 202.1G, AB=7G and 
dpc = 174apz where ag is the Bohr radius. 

Thermal singlet model. We model our data on the BEC side of the resonance with a 
thermal ensemble of singlet pairs’. The expression for the wavefunction of the bound 
state in two dimensions is g(r) = \/2/a2p Ko(r/azp), in which Ko(x) is the modi- 
fied Bessel function, and for the scattering state is (1) =Jo(qr) — (4) HC ) (qr), in 
which Jo(x) is the Bessel function of the first kind and Hl (x) is the Hankel function 
of the first kind"*. f(q) is the scattering amplitude between the state |—7/2) and the 
final state |—5/2). We compute the momentum resolved r-f. spectrum for the dis- 
sociation from the bound state to the scattering state, averaging over a thermal 
distribution of the centre-of-mass momenta of the initial pairs using Monte Carlo 
sampling. From the momentum-resolved r.f. spectrum we calculate the effective mass 
m* and the wave vector k* using the same fitting routines as for the experimental 
data. This model of tightly bound pairs in the normal state includes the correct short- 
range physics but neglects many-body pairing, interactions between atoms and 
between pairs, as well as quantum statistical effects. Therefore, we do not expect 
quantitative agreement in the strongly interacting regime or on the BCS side of the 
resonance. 
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Lett. 106, 105304 (2011). 
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The oxidation state of Hadean magmas and 
implications for early Earth’s atmosphere 


Dustin Trail”, E. Bruce Watson!? & Nicholas D. Tailby’? 


Magmatic outgassing of volatiles from Earth’s interior probably 
played a critical part in determining the composition of the earliest 
atmosphere, more than 4,000 million years (Myr) ago’. Given an 
elemental inventory of hydrogen, carbon, nitrogen, oxygen and 
sulphur, the identity of molecular species in gaseous volcanic 
emanations depends critically on the pressure (fugacity) of oxygen. 
Reduced melts having oxygen fugacities close to that defined by the 
iron-wiistite buffer would yield volatile species such as CH4, H>, 
H.S, NH; and CO, whereas melts close to the fayalite-magnetite- 
quartz buffer would be similar to present-day conditions and 
would be dominated by H,0, CO2, SO, and Nj (refs 1-4). Direct 
constraints on the oxidation state of terrestrial magmas before 
3,850 Myr before present (that is, the Hadean eon) are tenuous 
because the rock record is sparse or absent. Samples from this 
earliest period of Earth’s history are limited to igneous detrital 
zircons that pre-date the known rock record, with ages approach- 
ing ~4,400 Myr (refs 5-8). Here we report a redox-sensitive 
calibration to determine the oxidation state of Hadean magmatic 
melts that is based on the incorporation of cerium into zircon 
crystals. We find that the melts have average oxygen fugacities that 
are consistent with an oxidation state defined by the fayalite- 
magnetite-quartz buffer, similar to present-day conditions. 
Moreover, selected Hadean zircons (having chemical characteristics 
consistent with crystallization specifically from mantle-derived 
melts) suggest oxygen fugacities similar to those of Archaean and 
present-day mantle-derived lavas**?’° as early as ~4,350 Myr 
before present. These results suggest that outgassing of Earth’s 
interior later than ~200 Myr into the history of Solar System forma- 
tion would not have resulted in a reducing atmosphere. 

The oxygen fugacity (fo, ) of a magma influences mineral saturation, 
element partitioning and the molecular speciation of gases exsolved on 
eruption'~*. Traditionally, the oxidation state of ancient eruptives is 
assessed by measuring Fe**/Fe~" values of unaltered glass samples". 
For less pristine ancient samples, researchers rely on changes in crystal- 
liquid partitioning versus fo, for heterovalent transition elements such 
as V and Cr that are generally regarded as immobile during rock 
alteration**. Studies of this nature have provided consistent lines of 
evidence that the upper mantle reached its present-day oxidation state 
by 3.6 Gyr ago and perhaps as early as 3.9 Gyr (ref. 3). Whereas the final 
oxidation state of a glass or mineral reflects that of the parent magma, 
subsequent metamorphism or alteration at Earth’s surface may reset 
the primary redox equilibria. Preservation of the redox state of the 
most primitive Hadean magmas therefore requires a physically and 
chemically robust repository. Fortunately, zircon is an exceptionally 
durable mineral that retains primary chemistry for most elements and 
isotopes from the time of igneous crystallization’, and zircon crystals 
are the only known terrestrial solids dating from the first 500 Myr 
of Earth history. Zircon thus presents a unique opportunity to 
evaluate the oxidation state of terrestrial melts before the Archaean if 
the partitioning of a variable-valence cation into zircon can be 
characterized as a function of fo,. 


Here we report a calibration to determine the oxidation state of a 
magmatic melt based on the incorporation of cerium (Ce) into zircon. 
Cerium is unique among elements that partition into zircon (and among 
the rare-earth elements, REEs) in that it can exist in melts as either Ce** 
or Ce’*. The magnitude of Ce enrichment in zircon depends on the 
Ce**/Ce?* ratio of the medium from which it crystallizes. Because Ce** 
is vastly more compatible than Ce** in zircon, more-oxidized melts 
will yield higher Ce contents in the mineral. To explore the details of 
Ce uptake, zircons were grown in a piston cylinder apparatus at a 
pressure of 1 GPa and at temperatures of 900-1,300 °C from hydrous 
silicate melts (~72 wt% SiO.) doped with lanthanum (La), Ce and 
praseodymium (Pr) (with and without phosphorus). Lanthanum 
and Pr were included as ‘bracketing’ elements because these exist only 
as 3+ ions, and partition coefficients for zircon trivalent REEs are 
known to monotonically increase from La to lutetium (Lu) (ref. 13); 
by convention, partition coefficients are expressed as the crystal/melt 

: . zrc/melt eet F 
concentration ratio, Dpg; (here zrc indicates zircon, the crystal 
concerned). This systematic behaviour provides a convenient reference 
for natural zircon to characterize the relative enrichment of Ce in 
zircon, relative to other REEs, with changes in fo,. This is expressed 
as a ‘Ce anomaly’, (Ce/Ce*)p, and is calculated in the following 
manner: 


zrc/melt 
<=) =e (1) 
Ce D (aca x pe 


where Do. /™*l is the combined partition coefficient of Ce** and Ce** 


in zircon, and po melt and pS melt are respectively the partition co- 
efficients for trivalent La and Pr. The denominator on the right hand 
side (equal to Ce*) is the interpolated value for the Ce’ partition 
coefficient based on the partition coefficients of bracketing elements 
La and Pr. Accordingly, if (Ce/Ce*)p ~ 1, then Ce** must have been 
effectively absent in the melt at the time of zircon crystallization. 

The Ce**/Ce** ratio of the melt was varied by imposing different 
oxygen fugacities on the experimental charges, broadly corresponding 
to the range observed in terrestrial magmas. The change in element 
partitioning in response to differences in fo, was then measured in 
synthesized zircon populations and melts using an electron microp- 
robe. The results show that Ce anomalies are inversely related to 
temperature (Fig. 1) and can be expressed by the following empirical 
equation: 


C 
in) = (0.1156 +0.0050) x In (fo,) 
Ce*} p 
(2) 
13,860-+ 708 
6.125 +0.484 


where fo, is the oxygen fugacity and T is temperature in K (T can be 
estimated for natural samples using the Ti-in-zircon thermometer’). 

Phosphorus substitution for silicon is known to compensate the 
charge imbalance accompanying the entry of trivalent REEs into 
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Figure 1 | Experimental calibration, relating melt oxygen fugacity to zircon 
Ce anomalies and temperature. On average, six zircons and five glasses were 
analysed for each of the 11 experiments. (Two experiments each at 1,300 °C/ 
RRO and 1,200 °C/NNO yield virtually identical Ce anomalies and plot on top of 
each other.) The Ru-RuO, (RRO) buffer defines an oxygen fugacity (fo, ) that is 
~1 log unit greater than that of the magnetite-haematite (MH) buffer at 
~1,000 °C, Ni-NiO (NNO) is ~0.8 log units greater than FMQ, and the Mo- 
MoO, (MMO) buffer is nearly identical to [W (<0.5 log units) at all 
temperatures. The curves drawn are fits to the data according to equation (2). 
Inset, Ce anomalies from natural zircon—melt partitioning studies'* "° (reference 
numbers are shown); calculated partition coefficients (subscript “D’) are 
compared to those normalized to chondrite (subscript “CHUR’). Error bars, 1o. 


zircon, but the addition of 0.15-0.8 wt% PO; to three experiments did 
not lead to differences in (Ce/Ce*)p. In addition, two experiments 
resulted in the saturation of light-REE-bearing phases allanite and 
monazite, but showed no detectable change in (Ce/Ce*)p of zircon. 
These observations suggest that the calibration is unaffected by the 
presence of light-REE phases or the P content of the melt. 

Before applying equation (2) to natural samples, it is important to 
note that in most natural settings (Ce/Ce*), cannot be calculated 
because the REE concentration of the melt at the time of zircon satura- 
tion is unknown. As an alternative, Ce anomalies are often calculated by 
normalizing to the chondritic uniform reservoir (CHUR), in which case 
the relationship between (Ce/Ce*)p and (Ce/Ce*)cryp must be estab- 
lished. Plotting (Ce/Ce*)p versus (Ce/Ce*) yup for natural zircon—melt 
partitioning studies’**° demonstrates a near perfect 1:1 correlation 
(Fig. 1 inset), suggesting that (Ce/Ce*) p ~ (Ce/Ce*)cyur isa reasonable 
assumption for out-of-context zircons. In other words, the magnitude 
of the Ce anomaly will be independent of the concentration of trace 
elements in the melt as long as the light REEs are not fractionated 
relative to one another. 

If the assumptions outlined above are valid, then zircon data®’” give 
an average fo, of 0.5 log units below the value defined by the fayalite- 
magnetite-quartz (FMQ) buffer (+2.3 log units) for Hadean melts, 
excluding the single outlier that plots well below the iron—wiistite (IW) 
buffer curve (Fig. 2). Lunar zircon source melts yield a calculated 
oxygen fugacity at [W (+1.3 log units), which is within error of pre- 
vious estimates from lunar rocks and minerals’*. Also note that lunar 
zircon Ce anomalies show a clear inverse relationship with temper- 
ature, in agreement with the prediction of equation (2). There is no 
correlation between temperature or age versus difference from the IW 
buffer for lunar zircons, though the Hadean zircons exhibit a weak 
trend towards more reducing conditions with lower crystallization 
temperatures. 
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Figure 2 | Oxygen fugacity and oxygen isotope plots for natural samples 
using the experimental calibration. a, Main panel; (Ce/Ce*)cyur versus 1/T 
for Jack Hills Hadean and lunar zircons with MH, FMQ and IW buffer curves 
(equation (2)). Inset, 8180 versus temperature. Filled symbols, crystals that 
have 5'8O values in the mantle equilibrium field for zircon (n = 5)”° (inset), 
samples shown by open symbols yield 5'°O values more akin to a crustal origin 
(n = 15). The open and filled symbols in the main panel and the inset are from 
the same samples. b, Oxygen fugacity probability distribution plots for lunar 
(n = 27)”, Hadean (n = 20)*’’, mantle-derived mid-ocean ridge (MOR) 
residual liquids (n = 27)” and Bishop Tuff (BT) magma-chamber 

(n = 120)°° zircons. Values of fo,are given as difference from FMQ in log units 
(AFMQ). The coloured symbols correspond to calculated fo, values from 
individual zircons. Zircon host melts have calculated fo, values for the 
aforementioned samples of IW (+1.3), FMQ — 0.5 (£2.3), FMQ + 0.4 (£2.6), 
FMQ + 2.4(+3.1), respectively. The calculated fo, values are in agreement with 
independent fo, estimates for BT°®, MOR" and the Moon" (inset). The errors 
are in log units and they represent the standard deviations of fo, values from 
individual sample sets. 


Accepting for the moment that terrestrial Hadean zircons probably 
crystallized under relatively oxidizing conditions (when compared to 
lunar zircons), the remaining question is whether they truly reflect the 
prevailing fo, of Earth’s early mantle, which was the dominant source 
of volcanic emanations forming the early atmosphere. Lunar zircons 
did in fact crystallize from mantle-derived melts—specifically the 
residual liquid fraction of the lunar magma ocean”’. Most terrestrial 
Hadean zircons, on the other hand, crystallized from crust-derived 
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felsic melts, as indicated by multiple geochemical signatures**”. 
Oxygen isotopes, for example, demonstrate that the vast majority of 
terrestrial Hadean zircons fall outside the zircon mantle equilibrium 
field (5'8Oysmow = 5.3 £ 0.3 %o (1a))°”°, which is a strong argument 
for the input of supracrustal material into the source melts. Moreover, 
most zircon crystallization temperatures are consistent with formation 
in water-saturated or near-water-saturated melts”*. 

Conclusions about the oxidation state of the Hadean mantle based 
on zircons of crustal affinity are admittedly indirect. However, a subset 
of the Hadean zircon population does appear to be mantle-derived. 
(We note that direct partial melts of the mantle cannot crystallize 
zircon, but the fractionation products (residuals) of such melts do 
eventually saturate in zircon’'.) Five of the Hadean crystals have 
8'80 values that fall within the mantle equilibrium field, which has 
been shown to be constant (+0.2%bo) for the past 4.4 Gyr (ref. 20). If 
these 8'°O values are primary, then these zircons crystallized from 
uncontaminated, mantle-derived melts that did not interact with the 
hydrosphere. The five zircons in the 5'°O mantle equilibrium field— 
including two crystals with U-Pb ages approaching 4,400 Myr—give a 
calculated oxygen fugacity of FMQ + 1.4 (+2) (Fig. 3). As a com- 
parison, zircons crystallized from residual liquids of present-day 
mantle-derived mid-ocean ridge basalts” yield calculated fo, values 
of FMQ + 0.4 (+2.6), which agrees with estimates of the oxidation 
state of the upper mantle’. This also implies that the redox conditions 
in residual, zircon-saturated liquids of present-day mid-ocean ridge 
systems did not undergo significant changes in fo, (relative to the 
buffer curve) along the liquid line of descent from basalt. This is also 
consistent with observations from lunar zircons. Finally, we note that 
Martian basalts (for example, shergottite meteorite Dar al Gani 476) 
exhibiting little or no interaction with a crustal component are only 
about 1 log unit higher than the estimated fo, of the upper mantle”. 
Furthermore, calculated oxygen fugacities from the same meteorite are 
all within a log unit of the average (FMQ — 2.5), even though phases 
cover a crystallization range of >300 °C. 

As in all studies in which mantle fo, is estimated from mantle- 
derived glasses or minerals*”, it is important to emphasize that the 
calculated fo, may not directly reflect that of the mantle source region. 
We note, however, that mantle-derived Hadean zircons would have had 
to crystallize from residual melts that underwent ~4 log units of change 
in fo, to be reconcilable with mantle source regions in equilibrium 
with the IW buffer. At present and in the Archaean, relative fo, 
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Figure 3 | Oxygen fugacities of Hadean melts plotted against zircon 


crystallization age. Errors for individual points are based on the standard 
deviation of the entire data set (n = 20; lo = + 2.3 log units). Zircons with 
mantle signatures are within error of the estimated oxidation state of the present- 
day and Archaean upper mantle*!°”*. On average, oxygen fugacities are lower for 
younger zircons, though this trend is not robust given the present data set. 


LETTER 


changes along magmatic liquid lines of descent are broadly of the 
order of ~1 log unit*'®*°?’. If the evolution of Hadean melts was 
similarly constrained, then our results imply that the mantle reached 
its present-day oxidation state ~4,350 Myr ago (Fig. 3). This inter- 
pretation is consistent with core formation models calling for physical 
and chemical isolation from the (upper) mantle ~30 Myr after planet 
formation”. 

If our deductions regarding the oxidation state of Hadean magmas 
are correct, then the speciation of gases emanating from the Earth at this 
time would have been dominated by CO2, SO, H2O and Nz (ref. 26). 
An atmosphere of this composition is known to yield a lower abund- 
ance of sugars and especially amino acids and nucleotides’. If a highly 
reduced atmosphere is required for the origin of life, then it may have 
occurred exceptionally early on our planet. However, pre-4,400-Myr 
outgassing of H, coupled with slow escape” may have resulted in an 
atmosphere out of equilibrium with Earth’s interior. Alternatively, a 
‘late veneer’ may have served as a source of pre-biotic molecules. These 
alternative scenarios notwithstanding, our results offer the first glimpse 
into the oxidation state of terrestrial magmas before 3,900 Myr ago, and 
the data presented here open up the possibility of exploring the oxida- 
tion state of zircon-bearing rocks throughout the geologic record. This 
calibration will be especially valuable in the early Archaean or Hadean 
eons, for which zircon is often the only source of primary chemical 
information. 


METHODS SUMMARY 


Starting materials were contained in platinum (Pt) or silver (Ag) capsules, and fo, 
was buffered by placing ruthenium and ruthenium dioxide (Ru+RuO,; RRO) in 
direct physical contact with the experimental charge or by use of a separate buffer 
chamber separated by a Pt or silver-palladium (Ag-Pd) membrane (NNO or 
MMO). Quenched glasses were analysed by electron microprobe, with at least 
one measurement made at the top and bottom of the capsule to assess melt 
homogeneity. Synthesized zircons were small (~3-20 1m) and in some cases 
the glass was dissolved with hydrofluoric acid (HF) and the zircons recovered in 
order to obtain more accurate measurements. 

For the inset plot of Fig. 1, Pr, =2/3(La), + 1/3(Nd), for ref. 14, where x 
represents a normalized value, either to CHUR or the melt. Ce anomalies for 
natural zircons®’’”* *>° are calculated in a similar fashion to equation (1) in the 
text: (Ce/Ce*) cur = Cecuur/(Lacuur X Prewur), where Lacyyr and so on 
represents normalization to the chondritic uniform reservoir rather than the melt 
concentration. Ce anomalies are plotted for Hadean zircons with U-Pb ages that 
are 294% concordant, and with REE+Ti measurements that reflect primary 
igneous chemistry*®'’. Zircon crystallization temperatures in Fig. 2 are calculated 
assuming unity Ti-activity’; sub-unity Ti activity (for example, ~0.5) results in 
systematic shifts of all data to higher values of fo,, though shifts are within error of 
the standard deviation of each population. Lunar zircons are from Apollo 14 
polymict breccias 14304, 14305 and 14321"? and are normalized to an average 
fo, of IW at 700°C, for direct comparison with the other data in the probability 
distribution plot of Fig. 2. For the inset of Fig. 2b, average fo, values calculated 
from zircon Ce anomalies are plotted against independent estimates from lunar 
basaltic igneous rocks (IW — 0.6)"*, terrestrial mid-ocean ridge basalts'° (FMQ), 
and average oxygen fugacities returned from Bishop Tuff titanomagnetite-ilmenite 
pairs (NNO)”’. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Zircons were synthesized in silicate melts with water added as silicic acid, gibbsite, 
Zr(OH)4 + H2O (ref. 31). Experiments run from 1,000 to 1,300°C contained 
~8-10 wt% HO and those run at 900 °C contained 12 wt% H,0, which was found 
to aid zircon synthesis at lower temperatures. Saturation of other REE-bearing 
phases was generally avoided by doping melt compositions with progressively 
lower REE concentrations for lower-temperature experiments. (Starting composi- 
tions can be found in Supplementary Table 1.) 

The pressure cell used here is similar to that described in ref. 32. Capsules made 
of either Ag (900 °C) or Pt (1,000-1,300 °C) were pressure sealed with Pt or Ag-Pd 
gaskets respectively to ensure a water tight seal. The highest oxygen fugacity 
imposed on the experimental charges was comprised of a 9:1 mixture of 
RuO,:Ru added with the starting silicate mix into the capsule. This is a common 
buffering technique because RuO, is virtually insoluble in silicate melts. At run 
termination, the buffer was inspected to ensure the presence of RuO; and Ru, and 
that both phases were in clear chemical communication with the glass and syn- 
thesized zircons. Experiments buffered at NNO or MMO contained a chamber 
external to the experiment that contained the metal, oxide and H,0. For experi- 
ments run at 1,000-1,300°C, Pt capsules were surrounded by either a Mo or an 
oxidized Ni holder, while those at 900 °C were contained within a thick-walled Ag 
capsule, and the buffer was separated by a thin sheet of 30Pd-70Ag metal. These 
experiments are buffered by the permeability of H, through Pt or 30Pd-70Ag; that 
is, fixing the hydrogen fugacity (f,;, )at MMO or NNO buffers the fo, in a similar 
matter to that described in ref. 33. A diagram of the experimental set-ups can be 
found in Supplementary Fig. 1. 

Synthesized zircons (~3-20 1m) were analysed using the Rensselaer Polytechnic 
Institute Cameca SX100 electron microprobe. All elements were calibrated on 
standards for every electron microprobe session (accelerating voltage, 15 kV). 
The only interference was the slight overlap of the La Lg peak with the L, line of 
Pr. This was removed by synthesizing a melt with 0-2 wt% of La,O; so that the 
contribution of La Lg to Pr L,, counts could then be subtracted out. The major 
elements of the melts were analysed with a beam current of 10 nA and a 40-60 um 
spot size, and trace elements with a 50 nA, 30 1m spot size (analysed glass com- 
positions can be found in Supplementary Table 2). 

Zircons were analysed with a focused beam and depending on crystal size, 
electron microprobe currents ranged from 20 to 200nA; synthetic REE- 
phosphates and zircon were used as standards. Aluminium was used as a monitor 
for secondary fluorescence and in some cases after the melt was analysed, it was 
dissolved in HF, so that the recovered zircon fraction could be analysed. Single 
acquisition times as long as 1,000s were used for the high-temperature experi- 
ments especially, which yielded the lowest partition coefficients. For some zircons, 
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multiple acquisitions were made on the same crystal to accumulate additional 
counts. In order to increase the counting time for the La L, peak, essentially 3 
of the 5 spectrometers (the counting time on one spectrometer was split between 
La and Ce) were devoted to simultaneous peak counting (large pentaerythritol 
(LPET) crystal), and accumulated totals were used to obtain a concentration. 
Another spectrometer was used for Si K,, Zr L,, Al K, (thallium acid phthalate 
(TAP)) while the final was used for Pr (large lithium fluoride (LLIF)). Under this 
protocol, the detection limits for La, Ce and Pr are ~30, ~100 and ~80p.p.m., 
respectively. Because of the very low counts on some unknowns, zircons were 
synthesized without REEs and measured under the same protocols to test for trace 
interferences on the peak and background positions. Zircon concentrations along 
with individual grains in glass and epoxy matrix are shown for comparison in 
Supplementary Table 3. The partition coefficients used to construct Fig. 2 of the 
main text are provided in Supplementary Table 4. 

All data used to create Figs 2 and 3 are included in Supplementary Table 5. Two 
criteria were considered when applying our calibration to Hadean grains. First, it is 
known that Hadean zircons may record multiple episodes of growth over their 
>4 Gyr history, meaning that grains may be heterogeneous in age and chemistry. 
Our calibration is applied to zircons for which the following determinations were 
performed on the same location on the crystal: (1) U/Pb age, (2) oxygen isotope, 
(3) magmatic REE concentrations and (4) temperature (Ti-thermometry) data. 
Correlated geochemical data for the first three items can be found in ref. 6. These 
data are then compared with the analysis location of Ti-thermometry results 
published in ref. 17. Grains were further considered pristine if U/Pb concordance 
(that is, [(?°°Pb*/?8U age]/ (7°7Pb/7°°Pb* age] X 100, expressed as percentage con- 
cordance) was, on average, 94%. The oxygen fugacities for these pristine grains are 
plotted in Fig. 2, and the data used are included in Supplementary Table 5. All 
lunar zircons with REE and Ti data from ref. 19 are included; grains reported in 
that study are ~94% concordant or better. The ~800,000-year-old zircons from 
the Bishop Tuff and those collected near present-day active mid-ocean ridges are 
all assumed to be pristine; all data with Ti-thermometry and REE data are included 
in Fig. 2b. Ce anomalies are calculated from La, Ce and Pr concentrations using 
equation (1) in the text but with chondrite normalized values; results agree with 
those reported in the above studies with the exception of ref. 30. 
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Subduction dynamics and the origin of Andean 
orogeny and the Bolivian orocline 


F.A. Capitanio’, C. Faccenna’, S. Zlotnik’?+ & D. R. Stegman” 


The building of the Andes results from the subduction of the oceanic 
Nazca plate underneath the South American continent’*. However, 
how and why the Andes and their curvature, the Bolivian orocline, 
formed in the Cenozoic era (65.5 million years (Myr) ago to present), 
despite subduction continuing since the Mesozoic era’ (251.0- 
65.5 Myr ago), is still unknown. Three-dimensional numerical sub- 
duction models demonstrate that variations in slab thickness, aris- 
ing from the Nazca plate’s age at the trench, produce a cordilleran 
morphology consistent with that observed'’. The age-dependent 
sinking of the slab in the mantle drives traction towards the trench 
at the base of the upper plate, causing it to thicken. Thus, subduc- 
ting older Nazca plate below the Central Andes can explain the 
locally thickened crust and higher elevations. Here we demonstrate 
that resultant thickening of the South American plate modifies 
both shear force gradients and migration rates along the trench to 
produce a concave margin that matches the Bolivian orocline. 
Additionally, the varying forcing along the margin allows stress belts 
to form in the upper-plate interior, explaining the widening of the 
Central Andes and the different tectonic styles found on their 
margins, the Eastern and Western Cordilleras*. The rise of the 
Central Andes and orocline formation are directly related to the local 
increase of Nazca plate age and an age distribution along the margin 
similar to that found today; the onset of these conditions only 
occurred in the Eocene epoch*. This may explain the enigmatic delay 
of the Andean orogeny, that is, the formation of the modern Andes. 

Several outstanding issues concerning the Andean orogeny currently 
remain unaddressed. Despite subduction and Western Cordillera 
tectonics beginning as early as the Cretaceous period’, ~140 Myr ago, 
widening to the Eastern Cordillera and Bolivian orocline formation 
did not start until the Eocene*, ~45 Myr ago. The plateau region 
sandwiched between the Cordilleras remained undeformed until the 
Miocene epoch®, ~10 Myr ago, when the whole Central Andes rose to 
reach modern elevations. Yet, it remains unexplained why the Andes 
and the orocline formed only in the Cenozoic, why the deforma- 
tion then leaped 500km into the plate’s interior to the Eastern 
Cordillera, and why and how it affected the plateau region much later. 
Furthermore, an explanation is still lacking for the curvature of the 
Bolivian orocline, one of the few concave convergent margins on Earth. 

The Andean chain displays distinct topographic features with a 
strong symmetry around the Central Andes’* (Fig. 1a). This segment 
of the belt is the widest, ~600-800 km, and hosts the highest eleva- 
tions, ~5 km (Fig. 1b). Northwards and southwards, the altitude and 
width of the chain decrease smoothly. The Central Andes comprise the 
Western and the Eastern Cordilleras, both of similar elevation, sepa- 
rated by the Altiplano-Puna plateau (Fig. 1b, c). Crustal thicknesses of 
60-80 km are measured in this region, whereas values of 40 km are 
found elsewhere’. The Central Andes corresponds to the largest curv- 
ature of the Bolivian orocline, marking a bend in the mountain chain. 

The symmetry along the Andes correlates remarkably with the 
symmetric features of the Nazca plate”*. At the centre of this oceanic 


plate, below the Central Andes, the lithosphere is oldest (~50 Myr), 
thickest, and most negatively buoyant, and progressively becomes 
younger towards the north and south, where mid-ocean ridges are 
subducting (Fig. la, b). Below the Central Andes, the dip of the 
Nazca slab shallows to ~50°. Two segments of very shallow slab 
border the Central Andes, but at depths greater than 200 km the slab 
bends again to dips of 70-80° (refs 4, 10). Faster subduction hinge 
migration occurs along the limbs of the continent''. When extrapo- 
lated to a common time interval, geodetic and palaeomagnetic data on 
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Figure 1 | The Andes and South American subduction. a, Andes topography 
(digital elevation model GTOPO30) and Nazca oceanic plate age*. The trench is 
indicated by thick line with triangles (dashed line for flat slab segments’). 
Dotted line, profile in c. b, Maximum along-margin Andes topography (black 
line with brown shading), and Nazca plate age at trench (red line) in Myr. 

c, Topographic profile across Central Andes. See a for location. 
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both flanks of the Bolivian orocline are similar, showing that the 
present-day margin motions and deformations are representative of 
the long-term growth and bending of the Andes*”’. 

The strong correlation between topography and extent of the 
Andean Cordillera with corresponding variations in the Nazca slab 
has long suggested a causal relationship with the underlying subduction 
dynamics’*. Several models have investigated how processes related to 
subduction can shape the Andes. Shear stress at the plates’ interface’’, 
possibly due to friction'*”°, sub-lithospheric mantle flow'””*, or a com- 
bination of the two’, can reproduce the topography of the chain. 
Alternatively, relative plate convergence’, lithospheric weakening’* 
and climate-driven surface processes'**’ have been invoked to explain 
the Andean evolution. However, the models proposed are unable to 
describe the evolution of the Andes and the Bolivian orocline as emer- 
ging features of a dynamic subduction system. 

A regional-scale three-dimensional geodynamic model can help 
address these questions, by testing the relative contributions of the 
forces driving the motions and deformations around the convergent 
margin. Here we use a numerical model of subduction”, in which an 
overriding plate is coupled to a 6,000-km-wide plate subducting into 
the mantle under the pull of its own negative buoyancy, and plate 
motions and tectonic stresses are emergent quantities (Supplemen- 
tary Information). We find that consideration of the third dimension 
is the key to understanding the role of strong lateral stress gradients 
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Figure 2 | Subduction models with slab morphologies, vertical stresses and 
velocities, after 2,000 km of subduction. Left column, three-dimensional view 
of the viscosity field contour (grey surface) and the vertical stress in the upper 
plate above the trench (coloured surface above the model box). The model 
space is a Cartesian box of 4,000 X 8,000 < 1,000 km respectively in length (x), 
width (y) and height (z). Shown are the contour surface for the lower mantle’s 
top (at z = 340 km), the subducting slab (between depths of 1,000 and 340 km) 
and plates at the surface (dark grey, z = 1,000 km). The black line at 
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due to the heterogeneities in the subducting Nazca plate age and the 
South American plate thickness, along the convergent margin. In the 
downgoing lithosphere, age-dependent thickness influences the 
buoyancy, the largest driving force of subduction, and strength of 
the plate, controlling the dips, whereas in the upper plate, thickness 
affects the strength as well as the area of the margin interface, and 
thereby the integrated shear force locally resists subduction. Therefore, 
the subducting plate is modelled with either uniform thickness, or 
with a central thickened region, corresponding to the oldest oceanic 
lithosphere in the Nazca plate. Similarly, upper-plate model thickness 
is either uniform (40 km), or includes a 60-80 km thickened central 
portion, similar to the estimated crustal thicknesses along the South 
American margin’. 

Results indicate, as expected, that the age of the downgoing 
lithosphere has a first-order control on the velocity of subducting plate 
and on the topography of the overriding plate. The larger negative 
buoyancy force of an older and thicker subducted slab drives faster 
convergence. Stress at convergent plate margins directly correlates to 
the slab vertical sinking rate, modulated by the dependence of 
buoyancy on age. This is because faster sinking drives more vigorous 
flow in the mantle wedge, increasing traction at the base of the over- 
riding plate and causing it to thicken. In the models, this is indicated by 
vertical stresses and is a measure of the excess crust required to balance 
the stress, which is directly reflected in increased topography. 
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z= 1,000 km is the top surface of the model. Right column, two-dimensional 
plan view of the surface, showing viscosity field contour (grey surface) and 
velocity field (arrows). a, b, Model with subducting-plate thickness 
heterogeneity. c, d, Model with upper-plate thickness heterogeneity. e, f, Model 
with thickness heterogeneities in both subducting and upper plates. Solid line 
with triangles, trench trace; dark shaded area, the thicker portion of the plates. 
Velocity is 0 to 8. cm yr * (blue to red). Top inset, initial configuration for 

e, f. Plates are initially straight and change morphology during subduction. 
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First, we tested the role that the older, thicker segment in the down- 
going lithosphere has in subduction. This model includes a simplified 
version of the present-day Nazca plate age gradient at the trench, and 
generates several similarities with the Andean topography and Nazca 
subducted plate morphology along the margin. In the model’s uni- 
formly thick upper plate, vertical stresses reach a maximum of 
~150 MPa (Fig. 2a), which are compensated by ~5,500 m of constant 
density continental crust (2.75 kgm”), and are thus compatible with 
Central Andean elevations. Also, vertical stresses decrease northwards 
and southwards, comparable to the observed elevation drop. Dip of the 
Nazca plate below the Central Andes, where oceanic lithosphere is 
older, is consistent with our model, as well as the steeper deep slab 
outwards, where the Nazca plate is younger. No flat slab occurs in our 
models. It is likely that other mechanisms become relevant at smaller 
scales’, although these cannot hamper the deeper sinking of the slab. 
Faster subduction where the integrated slab pull is larger also promotes 
faster rollback, and the trench eventually forms a convex margin 
(Fig. 2b), opposite to the curvature of the Bolivian orocline. 

The second model had a uniform subducting plate but included 
variation of the upper-plate thickness. In contrast to the first model, 
it did not reproduce north-south variation of vertical stress above the 
trench, but showed constant topography instead (Fig. 2c). This is related 
to constant velocities and slab dips (Fig. 2d), resulting from constant 
slab buoyancy and strength. In this model, upper-plate thickness vari- 
ation along the trench reproduces realistic shear force gradients along 
the South American margin, increasing by a factor of ~2 below the 
Central Andes’* with respect to values further out. These gradients 
cause rollback to be slowest in the central, thickest part, ultimately 
causing bending in a concave morphology (Fig. 2d). This process might 
explain the long-term bending of the Bolivian orocline around the 
thicker Central Andean lithosphere. 

When these heterogeneities are combined in a single model (Fig. 
2e, f), the dynamics of the Nazca plate, the Andean topography and 
Bolivian orocline can all be reconciled. Results demonstrate that sym- 
metric changes in the age of the subducting plate, older and thicker in 
its centre, cause symmetric changes in plate motions, dips and vertical 
stresses, reflected as a topographic high in the Central Andes, decreas- 
ing symmetrically outwards. In turn, the symmetric variations in 
thickness of the upper plate overcomes its natural tendency to bend 
into a convex margin”, and instead forms a concave margin like the 
Bolivian orocline (Fig. 2e, f). 

These different mechanisms, related to the subduction dynamics, 
can offer an explanation for the complexities in the Central Andean 
tectonics. Isostatic equilibrium of a uniform felsic 70-80 km crust”, 
mostly thickened with negligible thrusting’, can account for the 
Western Cordillera elevations’. Similar heights are explained by iso- 
static compensation of modelled vertical stresses above the trench. 
Instead, in the Eastern Cordillera, large crustal thickness is achieved 
by shortening along deep-seated thrusts”, thus requiring stress pro- 
pagation far into the continent’s interior. Figure 3 shows intraplate 
stress and dynamic pressure in the upper plate for the model that 
includes both heterogeneities. Two zones of high shear stress develop 
at an angle to the trench (Fig. 3a), above the thickest segment of the 
downgoing plate. Along these belts the large horizontal stresses accom- 
modate the different forcing at the margin. The distinct spatial local- 
ization of these mechanisms leaves an area in between where stress is 
negligible (Fig. 3c). This may explain the different regimes underlying 
the Western and the Eastern Cordilleras and their morphology, as well 
as the lack of deformation in the plateau during the early stages of 
Central Andes evolution. Additionally, the pressure gradient towards 
the centre of the upper plate might drive orogeny-parallel crustal flow 
towards the plateau’®. 

Further deformation only occurred subsequently (post-Oligocene), 
migrating to the plateau and the outer sub-Andean ranges”. The results 
from three models where the thickness of the upper plate was uniform 
at 40, 60 or 80km, show that thicker upper plates are stronger and 
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Figure 3 | Surface stress and pressure from the model with heterogeneities 
in both plates. This model shown in Fig. 2e, f; the upper plate is outlined in 
white. a, Second deviatoric stress invariant, oy. High stress above the trench and 
across the upper plate isolates a low-stress area. b, Dynamic pressure. Negative 
pressure occurs above the denser subducting plate segment. Black line, contour 
of zero pressure. c, Upper-plate stress, cross-section. Large vertical stress (0,,, 
red line) above the trench indicates thickening; high stress invariant (oy, blue 
line with shading) in the plate interiors and zero vertical stress indicates 
horizontal major stress. Profile location, dashed line in a. 


compression propagates further into the plate’s interior (Fig. 4a), which 
is required for outward orogen growth. Compression in the plateau is 
accommodated by thrust tectonics in the Bolivian Altiplano’, as 
opposed to pure-shear thickening in the Argentinean Puna’, achieved 
by diffuse faulting. In the Puna, the thickened lithosphere has eventually 
delaminated”. In the models, we found that the peak differential stress 
deepens with the thickness of the modelled upper plate (Fig. 4b). Thus, 
we argue that similar stress localization at subcrustal depths might have 
triggered the delamination of the South American lithosphere. Stress 
focusing occurs when the upper-plate model thickens uniformly, but 
this might not be the case if plastic deformation continuously accom- 
modates compression. This possibly explains why the lithosphere has 
only delaminated under some parts of the plateau’, even if it has 
similarly thickened and become unstable throughout. 

Our models suggest that such diverse evolution can be reconciled 
with the boundary conditions that the Nazca slab buoyancy imposed 
on the South American continent. So the age of the subducted litho- 
sphere going back in time might provide a first-order estimate of the 
driving forces during the Cenozoic, which could be verified against the 
timing of the Andean orogeny. The growth of both Cordilleras above 
the trench requires an increase in the age of the subducting plate, 
which would also drive a surge in the convergence. In contrast, the 
widening of the central part of the orogen and the bending of the 
orocline are both a response to the age gradients along the trench, 
leading to heterogeneous thickening of the upper plate. The increase 
of subducting plate age and the strong along-trench age gradients are 
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Figure 4 | Effects of upper-plate thickening. a, Integrated horizontal 
compressive force, F,, propagated from trench in the upper plate. Models 
shown have overriding plates 40, 60 and 80 km thick. Compression propagates 
farther from trench with thicker, stiffer plates. b, Cross-section of the second 
deviatoric stress invariant. Profile location, dashed line in Fig. 3a. 


conditions that might not occur at the same time, nor might they 
correlate, thus it is a natural (not exceptional) consequence that orogen 
growth occurred long after subduction had started. 

Reconstructions of the Nazca plate age* for the past 60 Myr 
(Supplementary Data) show that a strong, along-trench age gradient 
formed ~45-40 Myr ago, between 30° and 45° S (ref. 4), where older 
subducting plate entered the trench. The increased driving force can 
explain the fast convergence during this period*” and the inception of 
Eastern Cordillera tectonics”. The present-day age gradient was not 
established until ~20 Myr ago’, when the Nazca plate migrated to its 
present-day location. This positioned ~70-Myr-old lithosphere off- 
shore from South America, which then became the oldest lithosphere 
subducted under the Central Andes since the early Cenozoic. This 
accounts for the second surge in the convergence rate*”’ as well as 
the local growth of the topography, above the northern and southern 
average elevation’’. As prescribed by our models, the timing of crustal 
growth matches the two major phases of oroclinal bending’. The pro- 
gressive regional reduction in the age of the subducting Nazca plate 
since 15 Myr ago explains the decline of convergence rates to present- 
day values. The current convergence velocity varies little along the 
South American trench, reaching a maximum further south than the 
Central Andes”, at 35-40° S. This is possibly due to the increased pull 
of the deeper slab at these latitudes, where older, denser lithosphere has 
subducted before 25 Myr ago. Therefore, variations in the dominant 
plate driving force, slab pull, that naturally arise from heterogeneities 
in the seafloor age of oceanic plates, are linked to intervals of intense 
tectonic activity and quiescence, and to the corresponding time-his- 
tory of convergent motions. 

Heterogeneities in the downgoing and upper plates are features 
commonly found along all convergent margins. Thus, their controls 
on Andean-type chains, plate margin morphologies and continental 
deformation must have a global relevance. 
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Correlation between deep fluids, tremor and creep 
along the central San Andreas fault 


Michael Becken!+, Oliver Ritter’, Paul A. Bedrosian? & Ute Weckmann!? 


The seismicity pattern along the San Andreas fault near Parkfield 
and Cholame, California, varies distinctly over a length of only fifty 
kilometres. Within the brittle crust, the presence of frictionally 
weak minerals, fault-weakening high fluid pressures and chemical 
weakening are considered possible causes of an anomalously weak 
fault northwest of Parkfield’*. Non-volcanic tremor from lower- 
crustal and upper-mantle depths’ is most pronounced about 
thirty kilometres southeast of Parkfield and is thought to be asso- 
ciated with high pore-fluid pressures at depth®. Here we present 
geophysical evidence of fluids migrating into the creeping section 
of the San Andreas fault that seem to originate in the region of the 
uppermost mantle that also stimulates tremor, and evidence that 
along-strike variations in tremor activity and amplitude are related 
to strength variations in the lower crust and upper mantle. 
Interconnected fluids can explain a deep zone of anomalously 
low electrical resistivity that has been imaged by magnetotelluric 
data southwest of the Parkfield-Cholame segment. Near Cholame, 
where fluids seem to be trapped below a high-resistivity cap, 
tremor concentrates adjacent to the inferred fluids within a 
mechanically strong zone of high resistivity. By contrast, sub- 
vertical zones of low resistivity breach the entire crust near the drill 
hole of the San Andreas Fault Observatory at Depth, northwest of 
Parkfield, and imply pathways for deep fluids into the eastern fault 
block, coincident with a mechanically weak crust and the lower 
tremor amplitudes in the lower crust. Fluid influx to the fault 
system is consistent with hypotheses of fault-weakening high fluid 
pressures in the brittle crust. 

Magnetotelluric data sense the electrical resistivity of Earth, a physical 
parameter that is particularly sensitive to the presence of low-resistivity 
phases such as aqueous fluids, partial melts or metallic compounds. 
Fluid phases have electrical resistivities orders of magnitude lower than 
that of the rock matrix, and relatively small amount of fluids, when 
interconnected, can thus decrease bulk rock resistivity by several orders 
of magnitude’. Fluids additionally have a notable weakening effect on 
the rheology of rocks, even more so if fluids form an interconnected 
network"®. Measurements of electrical resistivity can therefore be used to 
constrain the volume of subsurface fluids, their interconnectivity and the 
rheology of the crust and mantle. 

We collected magnetotelluric data along seven profiles across the 
San Andreas fault (SAF) near Parkfield and Cholame, covering the 
tremor concentration zone near Cholame and the region of transition 
from locked to creeping behaviour (Fig. 1a; data maps are provided in 
Supplementary Fig. 1). The most prominent structure revealed by the 
magnetotelluric data is a deep low-resistivity zone (1-5 Q m) centred 
30-40 km southwest of the SAF at a depth of more than 15-20km 
(Fig. 1b). This anomaly occupies a broad region in the lower crust and 
upper mantle between the surface traces of the Rinconada fault (a 
former strand of the SAF) and the modern-day SAF. Along profiles 
4-7 (Fig. 1b), which cross the SAF in the tremor concentration zone 
near the northern end of the locked segment”’, crustal resistivities are 


in excess of 500 Q m for the Pacific plate, by contrast with the moderately 
resistive crustal formations (10-100 Q m) of the North American plate. 
These values are typical for the granitic rocks of the Salinian block 
and for the metamorphic and sedimentary sequences contained 
within the Franciscan formation, respectively. The subduction com- 
plex constituting the Franciscan formation includes a great variety of 
lithologies, including fragments of oceanic crust, bodies of greenstones 
and other metamorphic and volcanic rocks. Along-strike variations in 
the resistivity structure of the Franciscan formation, such as the high 
resistivities northeast of the SAF near Parkfield (Fig. 1b, profiles 2 and 
3), reflect this heterogeneity. 

The SAF itself appears most prominently beneath the Cholame 
valley (Fig. 1b, profile 5, and Fig. 2b) as a vertical resistivity contrast 
extending below the brittle—ductile transition to depths of 20km or 
more. To the northwest, where the SAF shows creep and microseismicity, 
profiles 1-3 image a low-resistivity (5-30 Q m) linkage between the deep, 
low-resistivity zone to the southwest and the SAF to the northeast 
(Fig. 2a), by marked contrast with the resistivity models farther south. 

The anomalously low electrical resistivity in the lower crust and 
upper mantle provides geophysical evidence for a deeply seated fluid 
source offset to the southwest of the SAF. Low electrical resistivity has 
been reported at similar depths along numerous active margins, includ- 
ing the Pacific—Australian plate collision zone in New Zealand’, that 
beneath the Tibetan plateau’* and the altiplano of the Andes in Chile 
and Bolivia’’. Explanations involved the presence of partial melt'* in 
combination with aqueous fluids, imply a weakened rheology and sup- 
port models of lower-crustal flow'*. Modelling of the California Coast 
Ranges heat flow anomaly suggests that temperatures reach ~800 °C at 
a depth of 30 km near Parkfield”; this is too cold for the upper mantle to 
be partially molten. The resistivity of aqueous fluids depends strongly 
on temperature and salinity. The salinity of sea water is a conservative 
assumption for the fluid phase. At 800 °C, the electrical resistivity of sea 
water is 0.03 Q m, which is approximately ten times lower than the value 
at room temperature’®. The Hashin-Shtrikman upper bound” for a 
two-phase system composed of a moderately resistive rock matrix 
(100 Q m) and a low-resistivity aqueous fluid phase (0.03 Q m) requires 
3vol% of perfectly interconnected porosity over a large volume to 
explain bulk resistivities of 1 OQ m; higher fluid salinities would require 
less interconnection and/or lower porosity. 

Aqueous fluid networks can explain the observed low resistivities, but 
not unambiguously. A region in the crust weakened by shearing and 
faulting can become mineralized by chemical precipitation reactions'*”. 
Continued shearing deformation can further increase the interconnec- 
tivity of such mineralized zones and result in low electrical resistivities”. 
However, independent geophysical observations strongly support our 
preferred interpretation of a deep fluid source. A seismic refraction 
profile approximately coincident with profile 5 (Fig. 1b) reveals a low- 
velocity zone with compressional wave speeds of less than 5kms ‘ at a 
depth of 15-22 km (ref. 21), coincident with the top of the low-resistivity 
zone and consistent with the presence of fluids in this region (Fig. 2b). 
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Figure 1 | Magnetotelluric resistivity sections across the central San 
Andreas fault. a, Map view. Black dots show magnetotelluric stations along 
seven ~130-km-long profiles. Magnetotelluric (MT) tensor decomposition”® 
yields geoelectric strike estimates (inset rose diagram; decl., declination) that 
are consistent with the orientation of the SAF. SAF creep rates decay from 
~30mmyr ‘ northwest of SAFOD to less than 5mm yr’ * southeast of 
Cholame’. White dots show tremor epicentres’. The blue axes show 
coordinates relative to SAFOD (used in b and in Figs 2 and 3). b, Electrical 


Fluids in this depth range are also likely to be involved in the 
generation of deep, non-volcanic tremor along this fault segment**. 
Teleseismic and tidal triggering of tremor episodes at the SAF indicate 
that tremor nucleates in regions close to mechanical failure at near- 
lithostatic fluid pressures®. For the magnetotelluric profiles 5-7 across 
the tremor concentration zone near Cholame, the inversion reveals a 
deep, low-resistivity region that is bounded from above and laterally by 
resistive formations (~1,000 Q m; Figs 1b and 2b). Here the tremor 
source region seems to coincide with the high-resistivity rocks, adja- 
cent to the less resistive region that is a potential source of fluid. 
Inversions of the magnetotelluric data confirm that the high-resistivity 
cap is a very robust feature of the models. Any low-resistivity connec- 
tion to the upper crust (as observed northeast of Parkfield) results in a 
significant increase in data mis-fit (Supplementary Information and 
Supplementary Fig. 6). 

Tremor near Cholame separates spatially into a southwestern zone 
with periodic tremor episodes and a northeastern zone with aperiodic 
episodes’. Our resistivity models suggest that the fluid source (that is, 
the low-resistivity region) is located southwest of the periodic tremor 
zone. Ongoing fluid generation by mantle dehydration reactions’ could 
result in high fluid pressures in the low-resistivity zone and, con- 
sequently, in fluids being continuously driven through fracture systems 
towards and into the more resistive tremor regions. Observations of 
high seismic reflectivity”' (Fig. 2b) at tremor source depths between the 
low-resistivity fluid source and the more resistive tremor zone are 
consistent with deformed and fractured material. Lateral migration 
of fluids could be responsible for increased fluid pressures in the tremor 
source region®. The more periodic tremor episode occurrences are 
located closer to the fluid source and could reflect a failure mechanism 
involving cyclic fluid pressure accumulation and release. 

A similar fluid-triggering model has been proposed to account for 
the globally observed correlation between electrical resistivity and 
brittle failure in the upper crust”, including along the SAF”. Brittle 
rock failure and earthquakes often occur close to the boundary of, or 
within, regions of high electrical resistivity, but adjacent to zones oflow 
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resistivity sections. Low resistivity in the lower crust and upper mantle is 
attributed to hot saline fluids. Fluid can upwell into the creeping SAF near 
SAFOD. Near the locked segment, fluids seem to be trapped adjacent to the 
tremor concentration zone and to be prevented from escaping into the upper- 
crustal portion of the SAF. Tremor sources’ (white dots) and seismicity (red 
dots) are superimposed. NCSN, Northern California Seismic Network; CGS, 
California Geological Survey. 


resistivity. These observations have been explained in terms of the 
migration of fluids from a permeable, mechanically weak source into a 
less permeable, mechanically strong region of high electrical resistivity. 
This transport can induce high fluid pressures and rock failure within 
the high-resistivity region, depending on the concentration of stress 
and the penetration depth of fluids into the rocks. Hydrofracturing or 
reaction-enhanced permeability can be efficient mechanisms to 
facilitate fluid flow within low-permeability rocks under persistent, 
high confining pressures in the lower crust and upper mantle. 
Tremor amplitudes along the central SAF vary by a factor of seven® 
and correlate with variations in resistivity by a factor of 100 between 
Cholame and northwest of Parkfield (Fig. 3). High-amplitude tremors 
seem to originate predominantly in the high-resistivity (~ 1,000 Q m) 
lower-crustal formations beneath Cholame, whereas the less resistive 
regions (5-30 Q m) northwest of Parkfield have low tremor amplitudes 
or are devoid of measurable tremor (Fig. 3a). Deformation at lower- 
crustal depth is generally ductile. However, high fluid pressures can 
facilitate brittle failure also within an otherwise ductile deformation 
regime®*. Under these circumstances, brittle failure rather than ductile 
deformation has been considered an appropriate model for tremor’, 
and tremor amplitude may be a key to illuminating the physical con- 
ditions within the source region. The apparent systematic spatial var- 
iations of tremor activity and amplitudes and electrical resistivity along 
the deep central SAF® (Fig. 3b) probably reflect variable conditions for 
brittle failure and indicate changes in mechanical properties and 
hydraulic conditions along the deep extension of the fault zone. The 
correspondence between resistivity and tremor amplitude leads us to 
conjecture that strength controls tremor amplitudes. Figure 3c depicts 
electrical resistance, here defined as the inverse of the depth-integrated 
reciprocal resistivity, as a qualitative measure of the mechanical 
strength of the tremor zone. The resistivity models and the variations 
of lower-crustal resistance argue for mechanically stronger rocks in the 
high-resistivity tremor concentration zone beneath Cholame as 
opposed to mechanically weaker material in the less resistive lower 
crust northeast of Parkfield. Weak lower-crustal material near the San 
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Figure 2 | Two distinct electrical resistivity models. a, Low-electrical- 
resistivity pathways for deep fluids breach the entire crust near SAFOD and 
provide a linkage (black arrow) between the fluid source beneath the Salinian 
block on the Pacific side and the upper crust on the North American side of the 
fault. Fluid flow across the plate boundary probably occurs at the base of the 
crust below the seismically defined fault (red dots, seismicity). b, Fluid 
pathways into the crust are absent from the Cholame segment of the fault. Here 
the low-resistivity fluid source is surrounded by highly resistive material and 
isolated from the SAF. Tremor (white dots) concentrates in the high-resistivity 
zone’. A wedge-shaped low-velocity zone (thick purple, 5 kms‘ seismic low- 
velocity contour interpreted from seismic refraction data’') coincides with the 
top of the low-resistivity fluid region. High seismic reflectivity (thin purple 
lines)”’ between the low-resistivity/ow-velocity zone and the tremor region 
indicates heterogeneous material, such as fracture or deformation zones, that in 
turn can provide pathways for lateral fluid flow. WCF, Waltham canyon fault; 
GVS, Great Valley sequence. 


Andreas Fault Observatory at Depth (SAFOD) is also consistent with 
there being at a depth of 20-25 km an anisotropic, low-velocity layer 
with a high compressional wave/shear wave ratio”. This is inferred 
from receiver functions, and the layer is interpreted as a sliver of 
serpentinite”. 

The weakness of the low-resistivity lower crust near SAFOD can be 
explained by a fluid-filled porosity network. Our resistivity models 
show that the deep fluid source is offset to the southwest of the SAF 
and located beneath the Pacific plate. From there, low-resistivity fluid 
pathways breach the lower crust near SAFOD and open out into an 
upper-crustal wedge of low electrical resistivity between the seismically 
defined SAF to the southwest and the Waltham canyon fault to the 
northeast”. This crustal zone of low resistivity is less pronounced at 
profile 1 (Fig. 1b), and it is unknown whether it extends along the 
creeping segment. 

Fluid ascent across the Pacific/North American plate boundary 
into the fault-adjacent country rock of the North American plate 
can contribute to super-hydrostatic fluid pressures along the creeping 
section of the SAF. Support for the existence of a connection to the 
lower crust and upper mantle comes from increased concentrations of 
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Figure 3 | Relation between electrical resistivity and tremor. a, Tremor’ 
(white dots) projected onto a resistivity slice, which is interpolated from the 
two-dimensional inversion models at a distance of —5 km from the SAF. 

b, Tremor amplitude estimates of individual tremor episodes’. c, Electrical 
resistance, the inverse of the depth-integrated reciprocal resistivity, computed 
for the tremor source depth range —5 km from the SAF; vertical bars indicate 
minimum and maximum resistances in the distance range [—10 km, 0 km] 
along the individual profiles. Tremor concentrations and the largest tremor 
amplitudes correlate with the regions of high resistivity. By contrast, zones with 
low tremor activity and low tremor amplitudes are associated with areas of low 
resistivity. We interpret electrical resistance in terms of mechanical strength to 
explain tremor amplitude variations along the SAF. 


mantle-derived gas found at SAFOD” and in nearby water wells 
penetrating the eastern fault block. Mantle-derived fluids contributing 
to fault-weakening high fluid pressures’ are considered one explana- 
tion for the frictional weakness of the SAF northeast of Parkfield. 
However, the role of fluids in the mechanics of this fault segment is 
still debated, because SAFOD observations did not provide evidence 
for increased pore pressures directly within the actively deforming 
fault strands at the depth where the SAFOD borehole intersects the 
fault”. 

Magnetotelluric data cannot provide definitive information about 
the nature of the fluid source in the lower crust and upper mantle. It 
has been suggested that fluids are released from ongoing dehydration 
of serpentinized mantle wedge material’, a relic of former subduction 
along coastal California. Such dehydration can last for tens of millions 
of years* and can be responsible for high fluid pressures in the tremor 
source region and, ultimately, the supply of fluids into the crust near 
SAFOD. We speculate that crustal pathways for fluids near SAFOD 
reflect zones of intensively deformed material that coincide with fault- 
related exhumation of serpentinite to shallower crustal levels. Fluid 
release from lower-crustal and upper-mantle formations can cause 
higher fluid pressures at shallower levels and result in mechanical 
weakening of the seismogenic SAF and the fault-adjacent country 
rocks of the North American Plate; support fluid-assisted chemical 
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weakening; and increase chemical reaction rates. To the southeast, 
where fluids are trapped beneath an impermeable cap in the crust, 
the fault is in a transitional-to-locked state. High pore pressures within 
the mantle and lower crust, accompanied by episodic fluid redistribu- 
tion and seismic energy release seem to be responsible for the genera- 
tion of tremor. Along the central SAF, the source of fluids migrating 
into the creeping section and stimulating the tremor region is offset to 
the southwest of the surface trace of the SAF. Tremor amplitude var- 
iations along the deep extension of the SAF seem to reflect fluid- 
controlled strength variations. 


METHODS SUMMARY 


The magnetotelluric method uses natural electromagnetic field variations to probe 
the electrical resistivity structure of Earth’s interior. For this study, magnetotelluric 
data were collected in a series of field experiments between 2005 and 2008 using up 
to 45 simultaneously recording instruments. Robust remote and multi-remote 
reference processing was used to estimate magnetotelluric transfer functions. The 
data were inverted into electrical resistivity, using a regularized two-dimensional 
nonlinear conjugate gradient approach” (Supplementary Figs 2-8). Regularization 
of the model is necessary because the magnetotelluric method uses the diffusion of 
low-frequency natural electromagnetic fields within the conducting Earth, which 
results in a mathematically ill-posed, under-determined inverse problem. The 
inversion minimizes a Tikhonov-regularized functional as a trade-off between a 
structure penalty functional and the data residual norm weighted with the data 
variances. The structure penalty is a weighted integral of the squared Laplacian of 
the logarithmic model. Weights have been defined to generate increasing horizontal 
and vertical smoothing with increasing depth. Two-dimensional inversion assumes 
that resistivity is uniform along strike. This assumption is not strictly satisfied given 
the partly three-dimensional characteristics of the magnetotelluric data (Sup- 
plementary Information and Supplementary Fig. 9). However, the predominant 
magnetotelluric impedance strike directions determined from tensor decomposi- 
tion” are consistent with a predominant geological strike that parallels the SAF in 
the region. A down-weighting scheme was applied to data with three-dimensional 
effects in to reduce bias in the two-dimensional inversion”®. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 


Received 7 November 2010; accepted 28 September 2011. 


1. Moore, D. E. & Rymer, M. J. Talc-bearing serpentinite and the creeping section of 
the San Andreas fault. Nature 448, 795-797 (2007). 

2. Holdsworth, R. E. et a/. Fault rocks from the SAFOD core samples: implications for 
weakening at shallow depths along the San Andreas Fault, California. J. Struct. Geol. 
33, 132-144 (2011). 

3. Lockner, D. A., Morrow, C., Moore, D. & Hickman, S. Low strength of deep San 
Andreas fault gouge from SAFOD core. Nature 472, 82-85 (2011). 

4. Fulton, P.M. & Saffer, D. M. Potential role of mantle-derived fluids in weakening the 
San Andreas Fault. J. Geophys. Res. 114, BO7408 (2009). 

5. Nadeau, R. M. & Dolenc, D. Nonvolcanic tremors deep beneath the San Andreas 
Fault. Science 307, 389 (2005). 

6. Shelly, D. R. & Hardebeck, J. L. Precise tremor source locations and amplitude 
variations along the lower-crustal central San Andreas Fault. Geophys. Res. Lett. 37, 
L14301 (2010). 

7. Zhang, H., Nadeau, R. M. & Toksoz, M. N. Locating non-volcanic tremors beneath 
the San Andreas Fault using a station-pair double-difference location method. 
Geophys. Res. Lett. 37, L13304 (2010). 

8. Thomas, A. M., Nadeau, R. M. & Birgmann, R. Tremor-tide correlations and near- 
lithostatic pore pressure on the deep San Andreas fault. Nature 462, 1048-1051 
(2009). 

9. Guéguen, Y. & Palciauskas, V. Introduction to the Physics of Rocks 182-211 
(Princeton Univ. Press, 1994). 

10. Buirgmann, R. & Dresen, G. Rheology of the lower crust and upper mantle: 
evidence from rock mechanics, geodesy, and field observations. Annu. Rev. Earth 
Planet. Sci. 36, 531-567 (2008). 


90 | NATURE | VOL 480 | 1 DECEMBER 2011 


11. Wannamaker, P. E. etal. Fluid and deformation regime of an advancing subduction 
zone at Marlborough, New Zealand. Nature 460, 733-736 (2009). 

2. Unsworth, M. et al. Crustal rheology of the Himalaya and Southern Tibet inferred 
from magnetotelluric data. Nature 438, 78-81 (2005). 

3. Brasse, H. et a/. The Bolivian Altiplano conductivity anomaly. J. Geophys. Res. 107, 
2096 (2002). 

4. Schilling, F. R. & Partzsch, G. M. Quantifying partial melt fraction in the crust 
beneath the central Andes and the Tibetan plateau. Phys. Chem. Earth 26, 
239-246 (2001). 

5. Sass,J.H. etal. Thermal regime of the San Andreas Fault near Parkfield, California. 
J. Geophys. Res. 102, 27575-27585 (1997). 

6. Quist, A. S. & Marschall, W. L. Electrical conductances of aqueous sodium chloride 
solutions from O to 800° and at pressures to 4000 bars. J. Phys. Chem. 72, 
684-703 (1968). 

7. Hashin, Z. & Shtrikman, S. A variational approach to the theory of effective 
magnetic permeability of multiphase materials. J. App/. Phys. 33, 3125-3131 
(1962). 

8. Weckmann, U., Ritter, O. & Haak, V. A magnetotelluric study of the Damara Belt in 
Namibia: 2. MT phases over 90° reveal the internal structure of the Waterberg 
Fault/Omaruru Lineament. Phys. Earth Planet. Inter. 138, 91-112 (2003). 

9. Ritter, O. et al. Electrical conductivity images of active and fossil fault zones. Spec. 
Publ. Geol. Soc. (Lond.) 245, 165-186 (2005). 

20. Ritter, O. et al. Very high electrical conductivity beneath the Miinchberg Gneiss 
area in Southern Germany: implications for horizontal transport along shear 
planes. Geophys. J. Int. 139, 161-170 (1999). 

21. Trehu, A. M. & Wheeler, W. H. Possible evidence for subducted sedimentary 
materials beneath central California. Geology 15, 254-258 (1987). 

22. Gurer, A. & Bayrak, M. Relation between electrical resistivity and earthquake 
generation in the crust of West Anatolia, Turkey. Tectonophysics 445, 49-65 
(2007). 

23. Bedrosian, P. A. et al. Geophysical images of the creeping segment of the San 
Andreas Fault: implications for the role of crustal fluids in the earthquake process. 
Tectonophysics 385, 137-158 (2004). 

24. Tenthorey,E.& Stephen, F.C. Reaction-enhanced permeability during serpentinite 
dehydration. Geology 31, 921-924 (2003). 

25. Ozacar, A. A. & Zandt, G. Crustal structure and seismic anisotropy near the San 
Andreas Fault at Parkfield, California. Geophys. J. Int. 178, 1098-1104 (2009). 

26. Becken, M. et a/. A deep crustal fluid channel into the San Andreas Fault system 
near Parkfield, California. Geophys. J. Int. 173, 718-732 (2008). 

27. Wiersberg, T. & Erzinger, J. A helium isotope cross-section study through the San 
Andreas Fault at seismogenic depths. Geochem. Geophys. Geosyst. 8, Q01002 
(2007). 

28. Zoback, M., Hickman, S. & Ellsworth, W. Scientific drilling into the San Andreas fault 
zone. Eos Trans. AGU 91, 197-199 (2010). 

29. Rodi, W. & Mackie, R. L. Nonlinear conjugate gradients algorithm for 2D 
magnetotelluric inversion. Geophysics 66, 174-187 (2001). 

30. Becken, M. & Burkhardt, H. An ellipticity criterion in magnetotelluric tensor 

analysis. Geophys. J. Int. 159, 69-82 (2004). 


Supplementary Information is linked to the online version of the paper at 
www.nature.com/nature. 


Acknowledgements This research was supported by the German Science Foundation 
(DFG) and the Helmholtz Centre Potsdam GFZ German Research Centre for 
Geosciences. Instruments were provided by the Geophysical Instrument Pool Potsdam 
and the instrument facility for Electromagnetic Studies of the Continents. Seismicity 
data are taken from the catalogue provided by the Northern California Earthquake Data 
Center, Northern California Seismic Network, US Geological Survey, Menlo Park 
(http://www.ncedc.org). Fault zone locations are from the California Geological Survey, 
Geologic Data Map Series No. 6. H. Zhang and D. Shelly provided their tremor source 
location estimates. This work would not have been possible without field support and 
the cooperation of numerous landowners. 


Author Contributions All authors participated in the various field experiments. M.B. 
processed the time series, analysed and inverted the magnetotelluric data, and 
validated the resistivity models. All authors contributed to the interpretation and the 
manuscript. O.R. was principal investigator of the DFG/GFZ-funded research proposals. 


Author Information Reprints and permissions information is available at 
www.nature.com/reprints. The authors declare no competing financial interests. 
Readers are welcome to comment on the online version of this article at 
www.nature.com/nature. Correspondence and requests for materials should be 
addressed to M.B. (michael.becken@uni-muenster.de). 


©2011 Macmillan Publishers Limited. All rights reserved 


METHODS 


Five-channel magnetotelluric recordings were made at 250 sites during three 
surveys in the years 2005, 2007 and 2008. All sites were equipped with induction- 
coil magnetometers and non-polarizable electrodes (spanning orthogonal electric 
dipoles of length ~60 m) to measure the three components of the magnetic field 
and the horizontal electric field components. Three to four days of recording with 
this configuration yielded sufficient data to cover a broadband period range of 
magnetotelluric field variations, from 0.01 s to more than 1,000s. In addition, 120 
of the sites were equipped with fluxgate magnetometers and operated for two to 
five weeks to cover the long-period magnetotelluric period range up to 20,000 s. Up 
to 45 simultaneously recording instruments were deployed, yielding great flexibility 
in subsequent remote and multi-remote reference processing of the data. In addition 
to our own measurements, we included some of the earlier magnetotelluric data 
coincident with the central parts of profile 2 near SAFOD and profile 5 across the 
Cholame valley’. 

The primary step in magnetotelluric data analysis is to estimate the linear 
transfer functions between the horizontal electric and magnetic field components 
(impedance tensor, Z) and between the vertical and horizontal magnetic field 
components (vertical magnetic transfer function, T). Magnetotelluric transfer 
functions are diagnostic of subsurface electrical resistivity structure and are thus 
the quantities used in the subsequent construction of a numerical resistivity model. 
Standard robust processing techniques in the frequency domain*?* produced 
high-quality transfer functions for periods longer than 5s (Supplementary Fig. 1), 
but often failed to separate the shorter-period magnetotelluric signal from strong 
periodic noise with a fundamental period of ~5.1s that was correlated over all 
channels and over wide areas. Noise levels were particularly high near buried 
gas pipelines, suggesting that cathodic protection currents commonly imposed 
on pipelines were the source of this noise. Remote reference techniques”, multi- 
remote reference® and rejection of individual stacks based on phase constraints*” 
could not substantially improve the short-period data quality. Instead, we prepro- 
cessed the time series with a fractional delay filter that proved to be a powerful tool 
in removing harmonic noise. The filter subtracts a delayed version of the time 
series from itself, which causes destructive interference at the delay period and all 
harmonics. The delay period corresponds to the fundamental period of the har- 
monic noise signal. Because the fundamental noise period does not fit into our 
sampling schemes, the fractional delay filter is designed to perform an interpola- 
tion of the signal to compute the delayed signal. The interpolation can be made 
exact because the signal is band limited*’. For subsequent remote reference proces- 
sing, we applied the same delay filter also to the non-noisy reference sites. With this 
processing, we could notably improve the data quality at short periods (Sup- 
plementary Fig. 1). 

We used two-dimensional (2D) inversion techniques to convert the estimated 
magnetotelluric transfer functions into the resistivity models discussed in the main 
text. Magnetotelluric transfer functions inherently contain measures that can 
justify a 2D interpretation and that define the geoelectric strike direction to which 
the data must be rotated before model computation. We extracted these measures 
from the impedance data by decomposition methods that attempt to separate the 
regional 2D magnetotelluric response from the ‘galvanic distortion effect’ of 
charge accumulations at near-surface resistivity heterogeneities**. We used the 
impedance tensor decomposition technique described in ref. 30 to analyse the 
distortion effect and the dimensionality of the data and, because we found con- 
ditions that generally justified a 2D interpretation, to estimate the rotation angle 
corresponding to the geoelectric strike direction. Magnetotelluric strike estimates, 
however, have an inherent ambiguity of 90°. Considering the orientations of the 
major structural trends in the area (the coastline, the low-resistivity sedimentary 
fill of the San Joaquin valley, the SAF and associated geological units within the 
Coast Ranges), which are subparallel features elongated in the NW-SE direction, 
we constrained the strike estimates to the range 0°-90° W. We determined con- 
sistent multi-period strike estimates for each magnetotelluric site separately, 
ranging between 35° W and 60° W, and a global strike estimate of 41° W using 
all available sites and periods jointly (Fig. 1a, inset, and main text). This geoelectric 
strike direction is in good agreement with dominant geological trends, particularly 
with the strike of the SAF in the segment under investigation. Nevertheless, varia- 
tions in impedance phases oblique to the strike are also visible, and indicate, in 
conjunction with the off-profile orientation of induction vectors, the presence of 
three-dimensional (3D) effects in some regions (see Supplementary Figure 1). 

In rotated coordinates, and in a true 2D environment with the x axis oriented 
along-strike, the Z,, and Z,, components of the impedance tensor then corre- 
spond to the E- and B-polarization impedances associated with along-strike and 
across-strike currents, respectively. Along-strike current concentrations are also 
associated with a vertical magnetic field anomaly at the surface. In constructing 
our 2D model, we included the off-diagonal Z,, and Z,, components of the 
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impedance tensor rotated by —41° (that is, 41° anticlockwise) and the projection 
of the vertical magnetic transfer function onto the across-strike y axis (T, in rotated 
coordinates). 

Because galvanic distortion has an irresolvable scaling effect on the apparent 
resistivities”, we concentrated on fitting the impedance phases and the vertical 
magnetic transfer functions during the inversion. In practice, we down-weighted 
only the E-polarization apparent resistivity because 2D modelling can mimic the 
scaling effect for the B polarization. Down-weighting of data subsets is achieved in 
practice by increasing their error bars, which are used to weight the data residuals 
during the inversion. Here we imposed a global error floor of 100% on the 
E-polarization apparent resistivities, whereas lower error floors of 10% were 
imposed on the B-polarization apparent resistivities. For the impedances phases 
and for T,, we used absolute error floors of 1.5° and 0.03, respectively. 

Two-dimensional inversion of data with 3D effects may result in biased models 
or in models that contain phantom structures. Because the E-polarization imped- 
ance is considered most susceptible to 3D effects**, some authors prefer to invert 
only B-polarization data or a combination of B-polarization apparent resistivities 
and phases and vertical magnetic transfer functions'*"”. This approach implicitly 
corresponds to a rigorous down-weighting of the E-polarization apparent resistiv- 
ity and phase data with infinite error floors. However, accumulations of charges 
due to across-strike current flow within a laterally heterogeneous crust may dom- 
inate the B-polarization response even at long periods and mask the response of 
anomalies within the deeper crust and upper mantle’. Therefore, valuable 
information about the deeper resistivity structure contained in the 
E-polarization responses could be discarded with this rigorous approach. A heur- 
istic approach to reducing the influence of 3D effects on the inversion result 
without rejecting these data completely is to down-weight data subsets relative 
to their departure from pure 2D conditions. Here we used the ellipticity of the 
impedance tensor columns to measure the deviation of the data from pure 2D 
conditions in the presumed strike coordinate system, and adjusted the data errors 
such that the ellipticities and, hence, the departure from 2D conditions, vanish to 
within the modified errors*®. We applied this technique to the impedance data at 
every period and site individually to obtain modified error bars for the entire data 
set. The error bars of the vertical magnetic transfer function (T,) were modified 
accordingly; here we used the absolute value of the off-profile component (T,,) as 
the error bar on T,. These modified error bars were used as floor errors where they 
exceeded the global error floor defined above. 

Inverse models were computed with a widely used nonlinear conjugate gradient 
2D inversion program”. The inversion seeks to minimize a Tikhonov-regularized 
functional, ¢ = y* + tL[log(p)], as a trade-off between a structure penalty func- 
tional, tL[log(p)], and the sum of the squared data residuals weighted by their 
variances (y”). The parameter t quantifies the trade-off and L{log(p)] is a weighted 
integral of the squared Laplacian of the logarithm of the model resistivity, p. 

For the computation of x, lower thresholds for the data errors have been 
defined in terms of error floors and in terms of errors measuring the departure 
from the 2D assumption (see above). Statistically estimated data errors (produced 
with the robust time series processing code) enter the computation of 77 only 
where they exceed the former error measures. 

The Laplacian is computed in the model domain rather than in the space 
domain, and is thus dependent on the model grid. Effectively, increasing hori- 
zontal cell dimensions with distance from the profile increases horizontal smooth- 
ing, whereas increasing vertical cell dimension with depth results in increased 
vertical smoothing. Therefore, we applied weight factors, % and f, to control the 
ratio of vertical to horizontal smoothing and to increase horizontal smoothing 
with increasing depth, respectively. Furthermore, the inversion program makes it 
possible to apply these weight factors to model domains containing cells with 
dimensions exceeding definable floor sizes in the horizontal and the vertical direc- 
tions. For instance, defining the floor size in the vertical direction to correspond to 
the height of the cells at some depth, z,, means that the weight factors ~ and [ 
become effective only at depths z>z,. We used « = 1 throughout and tested [ 
values between 1 and 3. We found that models computed with / = 1 over the 
entire model domain and models computed with / =3 over only the model 
domain deeper than ~20km contained very similar structures in the upper 
~40km, but that the former seemed vertically stretched at greater depths. 
Therefore, we used the latter parameter combination (~ = 1, f = 3). 

The trade-off parameter, t, which controls the relative contribution of data 
residuals and the structure penalty to the minimized objective function, was 
determined from the knee of an L-curve plot, that is, a cross-plot of data residuals 
and the model norm, here computed for t values between 1 and 1,000. The optimal 
trade-off parameter was found to be close to t = 30, a value that is typical for the 
settings we used. We verified our inversion settings by comparing our inversion 
models with those produced with the OCCAM program™, which inverts simulta- 
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neously for resistivity and the regularization parameter. The inversion programs 
produced similar results (not shown). 

For the inversion, the Pacific Ocean was included as a fixed, a-priori structure in 
the starting model. Furthermore, we constrained the parts of the model deeper 
than 150km (where the sensitivity of our data is poor and lateral resolution is 
limited by the length of our profiles) to a resistivity of 50 Q m to avoid artificial 
structures appearing at the lower model boundary. Inversion tests confirm that the 
resistivity of the basal half-space has no strong influence on any of the major 
features of the inversion models discussed (at depths <60km). For the final 
inversion models shown in this paper, we used these model constraints and the 
same inversion settings for all seven profiles; only the model grid was adjusted to 
match varying site distributions along the profiles. In Supplementary Figs 2-8, we 
show the observed data, the data predicted by the final inversion models and the 
data residuals in terms of distance-period pseudosections. 

We tested the robustness of structural details contained in the final inversion 
models with 2D forward modelling and constraint inversion strategies (Sup- 
plementary Figs 3, 6 and 7), and with 3D forward modelling (Supplementary 
Fig. 9). Details are provided in Supplementary Information. 
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Energetics and the evolution of human brain size 


Ana Navarrete!, Carel P. van Schaik! & Karin Isler! 


The human brain stands out among mammals by being unusually 
large. The expensive-tissue hypothesis’ explains its evolution by 
proposing a trade-off between the size of the brain and that of 
the digestive tract, which is smaller than expected for a primate 
of our body size. Although this hypothesis is widely accepted, 
empirical support so far has been equivocal. Here we test it in a 
sample of 100 mammalian species, including 23 primates, by 
analysing brain size and organ mass data. We found that, control- 
ling for fat-free body mass, brain size is not negatively correlated 
with the mass of the digestive tract or any other expensive organ, 
thus refuting the expensive-tissue hypothesis. Nonetheless, consist- 
ent with the existence of energy trade-offs with brain size, we find 
that the size of brains and adipose depots are negatively correlated 
in mammals, indicating that encephalization and fat storage are 
compensatory strategies to buffer against starvation. However, 
these two strategies can be combined if fat storage does not unduly 
hamper locomotor efficiency. We propose that human encephaliza- 
tion was made possible by a combination of stabilization of energy 
inputs and a redirection of energy from locomotion, growth and 
reproduction. 

Brains are energetically expensive’. The human brain is about three 
times larger than that of our closest living relative, the chimpanzee, and 
thus requires much more energy. However, relative whole-body 
energy consumption rates of individuals at rest are about equal in 
the two species*, which raises the question of how humans manage 
to cover the energetic requirements of their much enlarged brains. One 
of the best-known attempts to solve this central riddle of human 
evolution is the expensive-tissue hypothesis, proposed by Aiello and 
Wheeler in 1995’. It postulates an evolutionary trade-off (although 
obviously not an immediate physiological one) between the size of 
the brain and that of the digestive tract in anthropoid primates. 
Thus, if other processes have reduced a species’ energetic needs of 
digestion, it should be able to evolve a relatively larger brain. It has 
therefore been suggested that early hominins evolved larger brains as a 
dietary shift towards more meat', cooked food and underground 
tubers* gradually allowed for a smaller digestive tract. 

The proposed trade-off would gain plausibility as a general principle 
if it were confirmed in other mammals. As stressed by Aiello et al.°, 
empirical support for a negative correlation across anthropoid primate 
species was weak from the beginning (see Supplementary Information, 
section 1 for a re-analysis), and subsequent comparative studies in 
other taxa remained ambiguous, with positive support in fish®, but 
not in bats or birds”*. Yet, this highly intuitive idea has found broad 
acceptance in palaeoanthropology’ and many other fields’””’, and is 
fuelling public discussions about the optimal human diet. Thus, a 
proper empirical test of the expensive-tissue hypothesis across a broad 
array of taxa is urgently needed, but has not been conducted—until 
now—owing to a lack of morphological data, nor has there been an 
examination of the broader trade-offs among other expensive organs 
predicted by an extension of this hypothesis’. 

Here we examine the presence of correlated evolution between the 
size of various visceral organs (heart, lungs, stomach, intestines, kidneys, 
spleen and liver) and that of the brain in a new sample of 100 
mammalian species, including 23 primate species (see Supplementary 


Data). In this analysis, it is crucial to control for body size, but the usual 
measure taken for this, body mass, is highly affected by variation in the 
size of adipose depots. This variation may confound or even reverse the 
direction of correlations among organs (Supplementary Fig. 2 and 
Supplementary Table 4b). Here, we therefore used fat-free body mass 
as the best proxy for body size. 

Contrary to the predictions of the expensive-tissue hypothesis, we 
found no negative correlations between the relative size of the brain 
and the digestive tract, other expensive organs or their combined sum 
among mammals or within non-human primates, controlling for fat- 
free body mass, even though statistical power was sufficient to detect 
these negative correlations if they existed (see Table 1). We also did not 
find any trade-offs among other expensive organs (Fig. 1). These 
results therefore refute the expensive-tissue hypothesis as a general 
principle to explain the interspecific variation of relative brain size 
in mammals. In our view, this finding reduces the plausibility of the 
argument that human encephalization was made possible by a reduc- 
tion of the digestive tract’. 

Energy trade-offs with other tissues that are less expensive but very 
abundant’ may nonetheless explain part of brain size variation. For 
instance, adipose depots make up an appreciable proportion of 
body mass in some mammals’’. Although not metabolically expensive, 
adipose tissue has an energetic cost because it has to be carried around 
and may increase predation-induced mortality (see Supplementary 
Information 3.7). Fat stores enable animals to cope with periods of 
reduced food intake and thus act as a physiological buffer against 
starvation. On the other hand, relatively large brains have also been 
proposed to act as cognitive buffers against starvation’*'>. It is 
therefore possible that encephalization and fat storage are com- 
plementary strategies to buffer against starvation. In our sample of 
mammals, there is indeed a negative correlation between brain size 
and the size of fat stores, controlling for fat-free body mass (Table 1 
and Supplementary Information 3.1), with the exception of primates 
(but see Supplementary Information 3.6). This negative relationship 
becomes stronger if potential error variation is removed, for instance 
by analysing only wild-caught females (Fig. 2 and Supplementary 
Information 3.4). The strongest trade-off between fat storage and brain 
size evolution is expected in taxa that exhibit a high cost of transport 
for increased whole body mass, such as climbing or flying mammals 


Table 1 | Regressions of brain volume on other organ masses 
Mammals (N = 100) Primates (N = 23) 


Organ B P value B P value 
Heart 0.15 0.13 0.65 0.007 
Lungs —0.03 0.73 0.44 0.07 
Kidneys 0.01 0.92 0.34 0.08 
Liver —0.02 0.84 0.20 0.30 
Digestive tract 0.16 0.06 0.48 0.005 
Stomach 0.15 0.042 0.17 0.19 
Intestines 0.11 0.15 0.41 0.008 
Spleen —0.02 0.60 0.15 0.13 
Visceral organs 0.05 0.64 0.50 0.029 
Adipose depots =O.07 0.017 —0.01 0:92 


Data were controlled for fat-free body mass. Statistical details and the results of the N = 45 species 
subsample are listed in Supplementary Information 3.1. 


lAnthropological Institute and Museum, University of Zurich, Winterthurerstrasse 190, 8057 Zurich, Switzerland. 
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Figure 1 | Correlations between the masses of visceral organs, brains and 
adipose depots in mammals. The analysis is based on a sample of 100 
mammalian species and controls for phylogenetic relationships and fat-free 
body mass. Statistical details are listed in the Supplementary Information 3.1. 


and birds. The only animals that can easily combine both strategies of 
fat storage and brain enlargement may be those that do not face an 
increased cost of transport for increased whole body mass, for 
example, aquatic mammals or large bipeds’*. However, more detailed 
studies of seasonal variation in body mass are needed to investigate 
which conditions or lifestyles favour one or the other, or a combination 
of both strategies. 

Refuting the expensive-tissue hypothesis raises questions about the 
determinants of the evolution of the greatly enlarged human brain. 
Although there are various cognitive benefits to increased brain size’’, 
empirical evidence shows that a focus on the energy costs of growing 
and maintaining brain tissue helps to explain the interspecific vari- 
ation in brain size'*. This approach has recently been synthesized in a 
general energy-based framework”, which incorporates earlier ideas on 
energetic aspects of brain size evolution’*"*. Figure 3 depicts the two 
possible pathways enabling increased encephalization from a given 
ancestral state: additional or stabilized energy inputs, and redirection 
of energy from other functions. Here we apply this framework to 
develop hypotheses for the remarkable increase of brain size during 
the evolution of the genus Homo. 

Larger brains are sometimes paid for by a permanent increase in net 
energy intake of an organism, as indexed by its basal metabolic rate 
(BMR); this is shown by the positive correlation between BMR and 
brain size in a large sample of placental’? and marsupial mammals”’. 
This was confirmed in the present data set, in which we could control 
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Figure 2 | Correlation between residual brain mass and residual adipose 
depots mass in wild-caught female mammals, controlling for fat-free body 
mass. Species-level values: N = 28 species, r = 0.258, P = 0.006. PGLS: 

A= 1.00, 6 = —0.12, t value = —3.42, P = 0.002. 
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Figure 3 | The expensive-brain framework”’ proposes complementary 
pathways for an adaptive increase in relative brain size. First, brains can get 
larger when energy inputs are stabilized on a higher level (higher total metabolic 
turnover”) through an increase in mean dietary quality (for example, more 
animal fat and protein in early Homo*****), energy subsidies from other 
individuals (for example, cooperative breeding, allomaternal care’’”’) or by 
reducing fluctuations in energy inputs (for example, cognitive solutions”’, 
including culture). Second, at constant total energy intake, energy allocation to 
other functions may be reduced, such as locomotion (for example, efficient 
bipedalism”””*) or production (for example, slower life history pace*’). 


for fat-free body mass (N = 64, PGLS, brain size as response, fat-free 
body mass and body mass associated with BMR measurements as 
covariates, effect of BMR: A = 0.96, P = 0.026, f = 0.24). We humans 
exhibit the BMR expected for a mammal or primate of our body mass, 
but because we have much larger adipose depots (about 14-26% in 
healthy adults”) than chimpanzees and bonobos (about 3-10% 
(ref. 23)), human BMR relative to fat-free body mass is appreciably 
higher than theirs. Therefore, if extant apes are representative of the 
last common ancestor, brain enlargement during human evolution 
was partially paid for through a permanent increase in net energy 
intake. 

Starting with Early Pleistocene Homo, this increase could have come 
from any of the three sources listed in Fig. 3. First, they improved diet 
quality as indicated by increased consumption of meat and bone marrow’ 
and by tool-assisted food processing, at one point including cooking*. 
Second, despite having moved into highly seasonal habitats’ they 
reduced temporal fluctuations in energy budgets by cognitive buffer- 
ing”, which is also known for other primates’* and birds’*. Third, 
provisioning and food sharing probably arose with the adoption of 
cooperative breeding and substantial meat acquisition among the 
earlier representatives of the genus Homo***. Comparative research 
suggests that such energy subsidies for reproducing females and 
dependent offspring can support increased brain size’?”’. 

The second pathway to brain enlargement is increased energy 
allocation to the brain by savings on other expensive functions, 
although the expensive-tissue hypothesis for organs is no longer sup- 
ported. One likely trade-off could be found between brain size and the 
costs of locomotion. The efficient form of bipedal locomotion that 
arose with the transition from australopithecines to early Homo” 
could have led to major reductions in energy expenditure in two ways. 
On one hand, its low costs in comparison with the climbing and 
quadrupedal locomotion of nonhuman apes” should have lowered 
daily energy expenditure on locomotion’, and on the other hand, 
bipedalism may reduce the effect of increased weight due to adipose 
depots on the energy costs of locomotion (Supplementary Information 
3.7). A second potential trade-off would be the one between brain size 
and production, comprising both growth and reproductive effort, 
which has been demonstrated for mammals'*”’. Beginning with early 
Homo our lineage has increased brain size and reduced the pace of life 
history”’, but nonetheless increased birth rates due to cooperative 
breeding. 
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In sum, we do not claim unique processes operating exclusively in 
human evolution. All these processes are known to operate among 
mammals in general. We propose that during human evolution 
improved diet quality, allomaternal subsidies, cognitive buffering, 
reduced locomotion costs and reduced allocation to production all 
operated simultaneously, thus enabling the extraordinary brain 
enlargement in our lineage. 


METHODS SUMMARY 


Following a strict protocol (Supplementary Information 2), A.N. dissected a large 
number of mammalian specimens obtained from various sources. Visceral organs 
(kidneys, spleen, liver, stomach, intestines, heart and lungs) were separated, 
cleaned, emptied, and immediately weighed. As skulls had to be preserved intact, 
cranial capacity was determined and converted into an estimate of brain mass. We 
excluded individuals that were immature, emaciated, pregnant, or exhibited visible 
organ pathologies from analysis. Hence, our final sample included 191 specimens 
from 100 species, with a bias towards carnivores and primates (Supplementary 
Data and Supplementary Information 3.2). The sample size of 100 species yields a 
power of 0.8 for these analyses, which was determined a priori using a published 
data set of 39 mammal species. 

Traditionally, whole body mass has been used for controlling for body size effects 
in comparative analyses. However, this measure is highly affected by variation in the 
size of adipose depots. Even if two species have a similar fat-free body mass and 
body composition, large adipose depots in one species result in organs that seem 
relatively small in comparison to those of a species with smaller adipose depots. 
Therefore, correlations between organs are expected to be mostly positive if we 
controlled for whole body mass (Supplementary Fig. 2). To avoid this bias, we used 
fat-free body mass to control for body size effects. For 45 species in our sample, fat- 
free body mass was known because adipose depots of whole body were measured 
directly. For the other 55 species, a proxy was calculated from the measurement of 
abdominal adipose depots (Supplementary Information 3.1 and 3.3). 

All analyses took phylogenetic relatedness into account (Supplementary Fig. 3). 
Additionally, we tested sex-specific and wild/captive subsamples separately (Sup- 
plementary Information 3.4), and investigated potential autocorrelation effects 
(Supplementary Information 3.5). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Power analysis. To estimate the sample size needed to detect a correlation 
between brain size and digestive tract mass in mammals, controlling for fat-free 
body mass, we used an independent data set of 39 mammalian species*’. In a 
multiple regression, digestive tract mass has a standard error of the residual error, 
o, of 0.343, and a raw effect size 6 of 0.096. Therefore, for a level of significance of 
a = 0.05, the sample size required to achieve a power of 0.8 is 103 species. We thus 
aimed at collecting data from more than 100 mammal species. 

Specimens. Four hundred and fifty four specimens of 133 mammal species were 
obtained from various sources and dissected following a strict protocol 
(Supplementary Information 2) by A.N. Visceral organs (kidneys, spleen, liver, 
stomach, intestines, heart and lungs) were separated, cleaned, emptied, and imme- 
diately weighed. As skulls had to be preserved intact, cranial capacity was deter- 
mined using the seed filling method’, and converted into an estimate of brain 
mass by multiplying it by 1.036 (ref. 33). Specimens were excluded from analyses if 
they were juvenile or subadult, emaciated, pregnant, previously stored in formalin 
or alcohol, had visible pathologies of the organs (such as tumours or internal 
parasites), a broken neurocranium, unknown body mass before dissection, or if 
the organ measurements were incomplete. Our final sample included 191 specimens 
from 100 species, with a bias towards larger orders and especially carnivores and 
primates (see Supplementary Information 3.2 for species and family coverage and an 
additional analysis on subfamily level). Species values were obtained by calculating 
the average of male and female specimens (see Supplementary Information 3.4 for an 
analysis of sex-specific and wild/captive subsamples). Intestine mass was defined as 
the sum of ileum, caecum and colon mass, and digestive tract mass as the sum of 
stomach and intestines mass. BMR data of the species of our sample or of closely 
related taxa were taken from the literature. Data and sources are listed in 
Supplementary Data. 

Adipose depots. For 45 species in our sample, adipose depots of the whole body 
were measured directly. For the other 55 species, only abdominal adipose depots 
were measured, from which we calculated a proxy of total adipose depots by 
scaling the abdominal depots mass with a factor 3.419. This scaling factor was 
derived from a comparison of the two measurements for 292 individuals for which 
body mass and one of the two adipose depots measurements was available (Sup- 
plementary Fig. 1). Alternatively, the total mass of adipose depots was calculated 
from abdominal mass using a prediction equation derived from nine specimens 
for which both measurements were available (results shown in Supplementary 
Information 3.3). Fat-free body mass was calculated as whole body mass minus 
total adipose depots mass. 

Statistical analyses. All variables were log-transformed and phylogenetic regres- 
sions were run using pglmEstLambda in the CAIC™ package in R”’. This function 
uses the PGLS method, estimating 4 as an index of the amount of phylogenetic 
autocorrelation in the data. If / is 0, species values are phylogenetically independent 


and the analysis is equivalent to a species means least-squares regression. If / is close 
to 1, the phylogenetic signal implies that trait evolution follows Brownian motion, 
and the analysis is equivalent to the classic method of calculating independent 
contrasts. If analyses yielded unstable estimates of 2 due to the small sample size 
within orders (A not significantly different from both 0 and 1), we additionally ran 
the analyses with 4 set to 0 or 1. The models included brain mass as response, body 
size as covariate and organ mass as effect. 

Visceral organs, the brain and adipose depots are part of the same body, and 

therefore autocorrelation effects could be suspected to influence our results. Two 
methods to remove these effects are reported in the Supplementary Information 
3.5, and the results corroborate our findings. Analyses were done both using the 
total sample of 100 species and the subsample with total adipose depot mass of 45 
species. 
Whole body mass versus fat-free body mass. Traditionally, whole body mass has 
been used for controlling for body size effects in comparative analyses. However, 
this measure is highly affected by variation in the size of adipose depots and using it 
to control for body size may have an effect on the correlation between organs. Even 
if two species have a similar fat-free body mass and body composition, large 
adipose depots in one species result in organs that seem relatively small in com- 
parison to those of a species with smaller adipose depots. Therefore, correlations 
between organs are mostly positive if we control for whole body mass. This bias is 
expected to disappear if fat-free body mass is used to control for body size effects 
(Supplementary Fig. 2). 

These relationships were confirmed by our analyses. Brain-organ correlations 
were mostly positive, if whole body mass was included in the model (Supplemen- 
tary Tables 4 and 5). Controlling for fat-free body mass instead of whole body mass 
reduced or eliminated this bias in most groups, with the notable exception of 
primates, in which positive correlations between organs persist, and brain size is 
not negatively related to adipose depots mass. We argue (Supplementary Informa- 
tion 3.6) that these discrepancies are due to a combination of error and peculiar 
captivity effects in foregut fermenting primates, and that primates would follow 
the general mammal trend if more complete data were available. 
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A SUMOylation-defective MITF germline mutation 
predisposes to melanoma and renal carcinoma 


Corine Bertolotto!***, Fabienne Lesueur*+*, Sandy Giuliano'**, Thomas Strub”, Mahaut de Lichy*, Karine Bille’, Philippe Dessen®, 
Benoit d’Hayer’, Hamida Mohamdi’’®?, Audrey Remenieras*}, Eve Maubec’””°, Arnaud de la Fouchardiére!’, Vincent Molinié”, 
Pierre Vabres!°, Stéphane Dalle“, Nicolas Poulalhon", Tanguy Martin-Denavit'*, Luc Thomas", Pascale Andry-Benzaquen", 
Nicolas Dupin", Francoise Boitier'’, Annick Rossi!*®, Jean-Luc Perrot'’, Bruno Labeille'’, Caroline Robert!®, Bernard Escudier'®, 
Olivier Caron!®, Laurence Brugiéres!’, Simon Saule”°, Betty Gardie”!, Sophie Gad”!, Stéphane Richard?>”*, Jerome Couturier’, 
Bin Tean Teh?*?°, Paola Ghiorzo*°, Lorenza Pastorino”°, Susana Puig’, Celia Badenas*’, Hakan Olsson”®, Christian Ingvar?’, 
Etienne Rouleau’®, Rosette Lidereau’?, Philippe Bahadoran’, Philippe Vielh*!, Eve Corda’’’, Héléne Blanché’, Diana Zelenika*’, 
Pilar Galan**, The French Familial Melanoma Study Groupt, Valérie Chaudru’:?*4, Gilbert M. Lenoir**°, Mark Lathrop??, 


Irwin Davidson°, Marie-Francoise Avril® 


So far, no common environmental and/or phenotypic factor has 
been associated with melanoma and renal cell carcinoma (RCC). 
The known risk factors for melanoma include sun exposure, pig- 
mentation and nevus phenotypes’; risk factors associated with 
RCC include smoking, obesity and hypertension’. A recent study 
of coexisting melanoma and RCC in the same patients supports a 
genetic predisposition underlying the association between these 
two cancers*. The microphthalmia-associated transcription factor 
(MITF) has been proposed to act as a melanoma oncogene’; it also 
stimulates the transcription of hypoxia inducible factor® (HIF1A), 
the pathway of which is targeted by kidney cancer susceptibility 
genes®. We therefore proposed that MITF might have a role in 
conferring a genetic predisposition to co-occurring melanoma 
and RCC. Here we identify a germline missense substitution in 
MITF (Mi-E318K) that occurred at a significantly higher frequency 
in genetically enriched patients affected with melanoma, RCC or 
both cancers, when compared with controls. Overall, Mi-E318K 
carriers had a higher than fivefold increased risk of developing 
melanoma, RCC or both cancers. Codon 318 is located in a 
small-ubiquitin-like modifier (SUMO) consensus site (‘YKXE) 
and Mi-E318K severely impaired SUMOylation of MITF. Mi- 
E318K enhanced MITF protein binding to the HIF1A promoter 
and increased its transcriptional activity compared to wild-type 
MITF. Further, we observed a global increase in Mi-E318K- 
occupied loci. In an RCC cell line, gene expression profiling 
identified a Mi-E318K signature related to cell growth, prolifera- 
tion and inflammation. Lastly, the mutant protein enhanced 
melanocytic and renal cell clonogenicity, migration and invasion, 
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consistent with a gain-of-function role in tumorigenesis. Our data 
provide insights into the link between SUMOylation, transcription 
and cancer. 

MITF encodes a member of the Myc supergene family of basic 
helix-loop-helix zipper transcription factors. It has a complex 
intron-exon structure, yielding protein products with different amino 
termini’. The M-isoform (expressed in the melanocyte lineage) of 
MITF regulates expression of a large set of genes promoting prolifera- 
tion and invasion. For instance, it controls the expression of MET” and 
CDKN2A/p16INK4A’, which have key roles in melanoma develop- 
ment. The role of the A-isoform of MITF (expressed in kidney) in 
renal cell transformation has yet to be elucidated. However, MITF 
belongs to the same family of transcription factors (the MiT family) 
as the TFEC, TFE3 and TFEB genes; the two latter were identified as 
targets of somatic recurrent translocations in a RCC subtype found 
predominantly in children and young adults®. 

We sequenced the MITF gene in 62 patients with melanoma and 
RCC. Five patients exhibited a germline heterozygous missense sub- 
stitution, p.E318K (c.952G>A, in MITF isoform 4, NCBI accession 
NM_000248.3) (Fig. la). The frequency of this variant was signifi- 
cantly higher in patients with both melanoma and RCC (melanoma 
+ RCC) than in 1,659 population-based cancer-free controls 
(P = 1.3 X 10“). Carriers of the p-E318K variant (Mi-E318K) exhibited 
a 14-fold higher risk than controls for developing melanoma + RCC 
(Table 1). To investigate the effect of Mi-E318K on susceptibility 
to melanoma alone, we genotyped 603 affected patients that had under- 
gone oncogenetic testing for melanoma susceptibility genes’ and 
were negative for CDKN2A and CDK4 mutations (Table 1). Mi-E318K 
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Figure 1 | Mi-E318K mutation impairs MITF SUMOylation. a, MITF 
sequence data of the c.952G>A, p.E318K germline substitution (Mi-E318K). 

b, HEK293 cells were co-transfected with empty pcDNA3 vector (EV) or pcDNA3 
encoding wild-type (Mi-WT) or mutant (K182R, Mi-E318K or K182R+E318K) 


frequency was significantly higher in these patients than in controls 
(P=7.8X 10°). The carriers of Mi-E318K in this group exhibited 
>4-fold higher melanoma risk than controls (Table 1). In addition, Mi- 
E318K co-segregated with melanoma in three melanoma-prone families 
that had DNA available in relatives of index cases carrying Mi-E318K 
(Supplementary Fig. la). Wealso found that Mi-E318K was more strongly 
associated with multiple occurrences of primary melanomas than with 
single occurrence, irrespective of family history (P = 0.02, Supplementary 
Table 1). To investigate the effect of Mi-E318K in RCC susceptibility, we 
genotyped 164 patients with RCC referred to oncogenetic clinics, who 
were enriched for rare histological subtypes and who were wild type for the 
known RCC-predisposing genes’. These patients also exhibited a higher 
frequency of Mi-E318K than controls (P = 0.008) (Table 1). After cor- 
recting for multiple testing, the association between Mi-E318K and mel- 
anoma + RCC, melanoma only or RCC only remained significant, 
although marginally so for the RCC-only group (P = 0.02). The three 
groups showed similar Mi-E318K allele frequencies (P = 0.10). When 
all 829 patients with melanoma and/or RCC were pooled, Mi-E318K 
frequency was significantly different from controls (P = 1.2 X 10°). 
The pooled group of Mi-E318K carriers had a greater than fivefold risk 
of developing melanoma, RCC or both cancers, as compared to controls 
(Table 1). The clinical and pathological features of the 27 Mi-E318K 
carriers are described in Supplementary Table 2. Principal component 
analysis (PCA) of single nucleotide polymorphism (SNP) data across the 
genome in more than 75% of cases and controls showed appropriate 
clustering of cases and controls after exclusion of a few subjects of 
non-European ancestry (Supplementary Fig. 1b). Association analysis 
of melanoma and/or RCC with Mi-E318K provided similar results when 
performed with or without adjusting for principal components 
(Supplementary Table 3). To assess whether Mi-E318K predisposed to 
the coexistence of melanoma and a second primary neoplasm other than 
RCC, we gathered data from European countries, but these data were 
insufficient for separate analyses of each type of cancer. Overall, we con- 
cluded from our findings that Mi-E318K is a rare substitution that confers 
an increased risk for developing melanoma and/or RCC. However, given 
the selection of patients who were part of case series undergoing genetic 
testing, further investigation of Mi-E318K in large series of unselected 
sporadic renal cancer and melanoma cases is merited. 


Table 1 | Frequency of the germline Mi-E318K substitution 
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Myc-tagged MITF and either with an empty vector or His-SUMO1 pSG5 vectors. 
Western blot analysis with antibodies to MITF, SUMO1 and ERK2 used as a 
loading control. c, Western blot analysis with antibodies to MITF and ERK2 of 
protein extracts before (Input) and after Ni-NTA affinity purification. 


Previous studies have shown that MITF is expressed in a majority of 
melanomas and in a subset of kidney tumours’. Accordingly, our 
immunohistochemical analyses showed that MITF was expressed in 
both melanomas from patients carrying the germline mutation Mi- 
E318K (n= 8) and in melanomas from wild-type patients (n = 8) 
(Supplementary Fig. 2a, b). In addition, two out of seven RCCs from 
Mi-E318K carriers were positive for MITF (Supplementary Fig. 2c, d), 
suggesting that Mi-E318K might have a role in renal transformation. 
None of the six wild-type MITF RCC samples analysed in this study 
showed MITF labelling. 

Mi-E318K occurs at a conserved position in MITF within a consensus 
motif (IKQE) that matches perfectly with the consensus sequence 
‘VKXE for covalent binding of SUMO” (Supplementary Fig. 3a, b). 
Because SUMOylation is critically dependent on the acidic residue at 
+2 (E) of the acceptor lysine (K), we tested whether Mi-E318K affects 
MITF SUMOylation. Co-expression of histidine-tagged (His)-SUMO1 
with wild-type MITF and western blot analysis revealed a 120-kDa band 
anda doublet above 95 kDa, in addition to the 55-65 kDa native doublet 
(Fig. 1b). The p.K182R mutation introduced within the second MITF 
SUM Oylation site led to complete disappearance of the 120-kDa MITF 
form, but had little effect on the 95-kDa doublet. When glutamic acid 
residue 318 was replaced by a lysine, mimicking the germline mutation, 
we observed a strong decrease in the levels of all the SUMO- 
modified forms of MITF. Lastly, no SUMOylated forms were seen with 
the double-mutant [p.K182R;p.E318K]. Similar observations were 
made with co-expression of haemagglutinin-tagged (HA)-SUMO2 
(Supplementary Fig. 4a), demonstrating that Mi-E318K affected both 
SUMO] and SUMO2 modifications. Western blot analysis with anti- 
MITF antibody, after affinity purification of His-SUMO1-containing 
proteins on Ni-NTA columns, confirmed that the high molecular 
weight bands were indeed SUMO-modified MITF proteins and that 
Mi-E318K markedly reduced all the MITF SUMOylated forms 
(Fig. 1c). Altogether, these results demonstrated that codon 316 was 
the major SUMO acceptor site in MITF and that Mi-E318K severely 
impaired SUMO conjugation to MITF. 

SUMOylation has been shown to orchestrate a variety of cellular 
processes, in part through the control of nucleo-cytoplasmic signal 
transduction. However, both Mi-E318K and wild type were detected 


Subjects Number of non-carriers Number of carrierst Total Frequency of p.E318K FET P valuet OR (95%Cl)* 

Controls 1,649 10 1,659 0.003 - Reference 

Patients with melanoma and/or RCC 802 27 8298 0.016 1.2 x 10-6 5.55 (2.59-12.91) 
elanoma + RCC 57 5 62 0.040]| 13 x 107 14.46 (3.74-48.04) 
elanoma only 586 i? 603 0.014 || 7.8 x107° 4.78 (2.05-11.75) 

RCC only 159 5 164 0.015]| 0.008 5.19 (1.37-16.87) 


§A full description of the 829 patients is given in Methods. 


*OR (95% Cl) is the odds ratio (with 95% confidence interval) associated with the Mi-E318K carrier status. 
FET, Fisher’s exact test for the difference in Mi-E318K allele frequency between each group of patients and controls. 
{All carriers are heterozygotes for the Mi-E318K substitution. Clinical and pathological features of the 27 carriers are described in Supplementary Table 2. 


| The Fisher's exact test showed no significant differences (P = 0.10) in allele frequency among the three groups of patients (melanoma + RCC, melanoma only, RCC only). 
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by immunofluorescence in the nucleus of transfected melanoma cells. 
This indicated that Mi-E318K did not affect MITF nuclear localization 
(Supplementary Fig. 4b, c). 

Previous reports indicated that SUMOylation of MITF repressed its 
transcriptional activity, particularly when the targeted promoter con- 
tained multiple E-boxes’®. Indeed, on a synthetic reporter gene com- 
prising three E-boxes, Mi-E318K showed two- to threefold greater 
transcriptional activity than that of wild type (Fig. 2a). The double 
MITF mutant, [p.E318K;p.K182R], was more effective than Mi- 
E318K, and the single p.K182R mutant exhibited activity comparable 
to that of wild type. We next tested whether Mi-E318K affected MITF 
activity on physiological target promoters, such as MET and HIFIA, 
two MITF-regulated genes involved in cell survival and in melanocyte 
and kidney tumorigenesis. We also tested CDKN2A and TYR promoters, 
which are involved in melanocyte proliferation and differentiation 
processes, respectively. Wild type and mutant Mi-E318K showed 
similar activity on the MET (Fig. 2b), TYR and CDKN2A promoters 
(Supplementary Fig. 5), but Mi-E318K more efficiently activated the 
HIFIA promoter than wild type (Fig. 2c). This observation suggests 
that Mi-E318K alters MITF transcriptional activity on a subset of its 
target genes. To determine the global transcriptional effects of Mi- 
E318K, we performed pan-genomic expression profiling of A375 mel- 
anoma and RCC4 cells infected with adenoviruses that encoded either 
wild-type MITF or Mi-E318K (Supplementary Fig. 6a, b, c, d). Analysis 
of the genes —— differentially by wild type and Mi-E318K in 
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Figure 2 | Mi-E318K increases MITF binding and transcriptional 
regulation of a subset of its target genes. a-c, Reporter plasmids containing 
the luciferase gene under the control of different MITF target promoters were 
co-expressed with empty pcDNA3 (EV) or pcDNA3 encoding wild-type (Mi- 
WT) or mutant (K182R, Mi-E318K, K182R+E318K) MITF. a, HEK293 cells 
were transfected with a 3M-box reporter. b, c, 501mel human melanoma cells 
were transfected with the c-MET promoter reporter (b) or the HIFIA promoter 
reporter (c). The results were expressed as the fold stimulation over basal 
luciferase activity. Data represent the mean + s.d. of three independent 
experiments. Asterisk indicates a statistically significant difference (Student’s 
t-test, P= 0.05). d, MITF-occupied loci in genomic DNA extracted from 
501mel melanoma cells expressing Mi- WT or Mi-E318K. MITF tag density was 
compared in the region of +5 kb around the MITF-occupied loci. e, University 
of California Santa Cruz (UCSC) view of MITF occupancy of HIFIA and 
ABCBS loci. The blue bar with arrowheads below each panel indicates the 
transcription start site; the E-box nucleotide sequence is shown under peaks. 
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A375 cells failed to identify a specific Mi-E318K signature. However, 
in RCC4 cells, we identified a Mi-E318K signature composed of 32 
genes (Supplementary Table 4). On the basis of the bioinformatic 
analysis using Ingenuity Pathways Analysis (IPA) software, these genes 
were associated with cell growth, proliferation and inflammation 
(Supplementary Fig. 7). Among the genes downregulated by Mi- 
E318K compared to wild type, IRAK2 (ref. 11), EGR1 (ref. 12) and 
IL6 (ref. 13) have tumour suppressor functions. The upregulated genes 
included CCR7, a HIF-1a target gene’* and activator of the NF«B 
pathway’’; ABCB5, one of the most well-documented markers for 
melanoma initiating cells’; GADD45G, a member of the GADD45 
family of stress sensors, which connects NFKB to the MAP kinase 
pathway’; and TRIM63, which was one of the top five upregulated 
genes and was the major gene found to be differentially expressed in 
patients with TFE3/TFEB translocation RCC as compared to other 
subtypes of RCC’. These experiments confirmed the different tran- 
scriptional potentials of wild type and Mi-E318K, particularly on genes 
involved in proliferation and inflammation. 

To investigate whether SUMOylation influenced genome-wide 
MITF occupancy of its target sites, we performed chromatin immuno- 
precipitation coupled to high-throughput sequencing (ChIP-seq) 
experiments in 501mel human melanoma cell lines expressing wild 
type or Mi-E318K. Data analysis shows that 22,157 sites are occupied 
by Mi-E318K, whereas only 9,107 were detected for wild type, the 
difference being the presence of a large number of weakly occupied 
sites in the Mi-E318K data set. Comparative analysis of the ChIP-seq 
data sets using read density matrix clustering identified sites that are 
occupied by both wild type and Mi-E318K (Fig. 2d, sets B and E), 
whereas some promoter sites are uniquely or preferentially occupied 
by Mi-E318K (Fig. 2d, sets A and D; Supplementary Table 5). For 
example, a higher occupancy of the HIF1A promoter by Mi-E318K 
compared to wild type is observed (Fig. 2e). Mi-E318K also showed 
increased binding to the ABCBS5 locus (Fig. 2e), the expression of 
which is increased in RCC4-expressing Mi-E318K. Of note, Mi- 
E318K binds more efficiently than wild type to the HMOX1 promoter 
(Supplementary Table 5), a gene involved in both kidney cancer’* and 
melanoma cell growth’’. Although the HIF1A promoter was better 
occupied and activated (in a gene promoter assay) by Mi-E318K 
than by wild type, we observed equal amounts of HIFIA messenger 
RNA in Mi-E318K- or wild-type-infected A375 and RCC4 cells. 
HIF1A transcripts are subjected to post-transcriptional regulation that 
controls their stability”; this may mask the transcriptional effect of Mi- 
E318K. Alternatively, the cellular context or the chromatin landscape 
in RCC4 or A375 cells may not permit increased transcription. Indeed, 
this was observed for MITF target genes such as TYR, TYRP1 and DCT, 
which were not upregulated by MITF overexpression in A375 cells. 
Taken together, our data indicate that the naturally occurring Mi- 
E318K severely impaired MITF SUMOylation and showed higher 
global transcriptional activity, in agreement with the currently accepted 
model of SUMO-mediated transcriptional repression*’. The global 
increase in Mi-E318K-occupied loci coupled with the existence of sites 
exclusively bound by the mutant protein indicate that SUMOylation 
regulates the repertoire of MITF target genes. SUMOylation-deficient 
Mi-E318K protein may therefore result in the regulation of distinct sets 
of genes, hence leading to gain-of-function properties. 

To evaluate the tumorigenic potential of Mi-E318K, we tested its 
effect on migration, invasion and colony formation of stable melanoma 
cells (501mel) expressing wild-type MITF or Mi-E318K (Fig. 3a). We 
observed increased migration (Fig. 3b) and invasion (Fig. 3c) in two 
different Mi-E318K clones compared to wild-type clones. Similar 
results were obtained in VHL-deficient RCC4 cells (Fig. 3d, e) infected 
with adenoviruses encoding wild type or Mi-E318K. In contrast, Mi- 
E318K caused barely significant effects in A375 cells (used also for 
expression profiling) (Supplementary Fig. 8). Lastly, in a colony-form- 
ing assay with immortalized murine melanocytes, Melan-a (Fig. 3f), 
and RCC4 cells (Fig. 3g), the number of colonies after transfection of 
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Figure 3 | Mi-E318K-enhanced migration, 
invasion and clonogenicity of melanoma and 
renal cancer cells. a, Western blot analysis with 
antibodies to MITF or ERK2 of 501mel cells stably 
transfected with empty vector (EV), or vector 

+e encoding Mi-WT or Mi-E318K (clones 1 and 2). 
MW, molecular weight. b, c, Migration (b) and 
invasion (c) assays with 501mel melanoma cells 
described earlier. d, e, Migration and invasion 
(e) assays in RCC4 cells transduced with empty 
adenovirus (EV) or adenoviruses encoding either 
Mi-WT or Mi-E318K. b-e, Photographs above 
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Mi-E318K was enhanced compared to wild-type-transfected or control 
cells. Overall, these data indicated that Mi-E318K was more potent than 
wild type for promoting invasive and tumorigenic behaviours in mel- 
anoma and RCC cells. However, Mi-E318K did not significantly stimu- 
late melanoma or RCC cell growth (data not shown). These features are 
reminiscent of melanoma cell populations with increased invasive and 
division potential but with a slow growth rate, which are considered to 
be melanoma-initiating cells**. Thus, Mi-E318K might favour a pheno- 
typic switch of melanoma cells towards a tumour-initiating cell pheno- 
type, possibly in synergy with hypoxia”. 

Indeed, both the epidermis (where melanocytes are located) and the 
inner renal medulla are physiologically hypoxic tissues***°. Hypoxia is 
capable of rapidly inducing HIF1A to initiate a cell-survival response”. 
Of note, several genes identified by expression profiling or ChIP-seq 
(HIFIA, CCR7, HMOX1) function in the hypoxia pathway. Both ultra- 
violet exposure and hypoxia generate radical oxygen species (ROS). In 
turn, oxidative stress activates inflammatory pathways that can lead to 
cellular transformation, proliferation and stem cell survival, among 
other features’. Our IPA analysis associated the Mi-E318K signature 
with inflammation, cell proliferation and cancer. Various environ- 
mental stresses, including hypoxia and ROS, were previously shown 
to induce global protein SUMOylation”*. In this context, Mi-E318K, 
which prevents MITF SUMOylation, could impair the adaptation of 
cells to stress and initiate tumour formation. Our study has wide impli- 
cations for understanding the role of MITF and its SUMOylation in the 
physiology and tumorigenesis of melanocytes and kidney cells. 

We have identified a rare oncogenic germline substitution, Mi- 
E318K, that predisposes to both melanoma and RCC. Interestingly, 
MITF loss-of-function mutations are responsible for an inherited dis- 
order in neural crest cell development, the type 2a Waardenburg syn- 
drome’. This is reminiscent of the RET oncogene, in which activating 
germline mutations predispose to medullary thyroid carcinoma, but 
loss-of-function germline mutations predispose to Hirschsprung’s dis- 
ease, a congenital absence of enteric neurons in the gastrointestinal 
tract”. Our data indicate that mutation screening in genetically 
enriched patients is a powerful strategy to identify rare genetic vari- 
ation that confers a moderate risk of cancer*®. Lastly, it highlights the 
relevance of hereditary tumour models for shedding light on cell- 
growth-related signals and identifying cancer driver genes. 


METHODS SUMMARY 


Participants were included with the approval of an institutional review board. 
Sanger sequencing of MITF isoforms was performed in 62 melanoma + RCC 
cases. Mutations numbering referred to NCBI accession NM_000248.3. Wild-type 
or Mi-E318K genotyping was performed in 1,659 controls and 829 cases by 
TaqMan; positive samples were checked by Sanger sequencing. Genome-wide 
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**P <(),01 and ***P < 0.001. 
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SNP data were genotyped by the Centre National de Génotypage (CNG, CEA) 
using Illumina technology. PCA was applied to the SNP data using EIGENSTRAT 
software. Immunohistochemistry was performed on melanoma and kidney fixed 
samples with anti-MITF antibody (Abcam, clone D5). Mutations in the two 
SUMO1 fixation sites, p.K182R and p.E318K, were generated with the 
QuickChange method in wild-type MITF-M and MITF-A isoforms and verified 
by sequencing. Plasmids were transfected into HEK293, 501mel, Melan-a and 
RCC4 cells with FuGENE 6 reagent (Roche Applied Science). Western blotting 
and immunofluorescence were performed with antibodies to MITF (Abcam, clone 
C5), HA-tag, SUMO1 or ERK2 (Santa Cruz Biotechnology). Reporter assays were 
performed by transient transfection in triplicate with lipofectamine (Invitrogen), 
and pCMV Gal was included to control transfection efficiency. Gene expression 
microarray assays were performed with Agilent technology by the Institut de 
Cancérologie Gustave Roussy (IGR) genomics platform. ChIP-seq experiments 
were performed by the Institut de Génétique et de Biologie Moléculaire et 
Cellulaire (IGBMC) microarray and sequencing platforms. Colony forming assays 
were performed after 14 days of culture; cells were fixed, stained with 0.4% crystal 
violet, and photographed. Statistical analyses for comparison of allele frequencies 
between cases and controls were performed with Fisher’s exact test. All computa- 
tions were performed with Stata software, version 11. For functional assays, stat- 
istical significance was evaluated with the Student’s t-test. Results were considered 
significant when the Student’s t-test, *P value = 0.05, **P = 0.01, ***P = 0.001. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Study participants. Patients with melanoma and RCC. Sixty-two patients that 
had developed both melanoma and RCC were included in the MELARISK col- 
lection at the Institut de Cancérologie Gustave Roussy (IGR) and other French 
hospitals, 71% were males. None of these patients carried a germline CDKN2A, 
CDK4 or VHL pathogenic mutation. 

Patients with melanoma only. The patients with melanoma were enrolled 
through a nationwide network of French dermatology and oncogenetic clinics that 
constituted the Familial Melanoma Project and the MELARISK collection. The 
present study investigated a total of 371 index cases from independent pedigrees 
with a family history of melanoma (at least two melanoma cases) and/or pancreatic 
cancer, and 232 sporadic cases diagnosed with multiple primary malignant mel- 
anomas. A subset of the families (N = 34) included a melanoma patient and 
relatives with pancreatic cancer. These were part of the CDKN2A mutation testing 
procedure; carriers of the CDKN2A mutation have high risk of developing pan- 
creatic cancer®’. All cases had confirmed diagnoses of malignant melanoma 
through medical records, review of pathological material, and/or pathological 
reports. For all these patients, mutation screening for CDKN2A (exon 1, 1a, 2 
and 3) and CDK4 (exon 2) had been undertaken for molecular diagnosis purposes. 
None of these patients carried a known CDKN2A or CDK4 pathogenic mutation. 

Patients with RCC only. Overall, 164 patients included in this study had 
developed RCC only. Those patients had been recruited through French urology 
and oncogenetic clinics, within the French National Cancer Institute’s ‘Inherited 
Predisposition to Kidney Cancer’ network. They were considered ‘genetically 
enriched’ based on the following criteria: familial aggregation, young age of onset 
and rare histological subtypes. Out of the total of 164 patients, 79 had sporadic 
ccRCC, 54 had papillary renal cell carcinoma (PRCC; with 6 type I PRCC, 19 type 
II PRCC, 1 mixed type PRCC and 28 unknown histological subtypes of PRCC), 1 
had a mixed RCC phenotypes (that is, papillary and ccRCC), 5 had juvenile RCC 
and 25 had RCC of unknown histological subtype. None of the 79 patients with 
ccRCC carried a VHL pathogenic germline mutation; none of the 19 patients with 
PRCCI carried a FH germline mutation; and none of the 6 patients with PRCCI 
carried a MET germline mutation. 

Control subjects. Controls were supplemented by a population-based sample of 
1,659 French subjects that had participated in the Supplementation in Vitamins 
and Mineral Antioxidants (SU.VI.MAX) study**. We confirmed that these sub- 
jects had not developed any cancer at the time of the present study. 

The study was approved by an institutional review board (CCPPRB no. 01-09- 
05, Paris Necker) for the MELARISK collection and by the Ethical Committee of 
Le Kremlin-Bicétre University Hospital, for the kidney cancer collection. It was 
conducted according to the Declaration of Helsinki Principles. All participating 
subjects signed informed consent and provided blood samples. After informed 
consent had been obtained from the subjects, DNA was extracted from peripheral 
blood lymphocytes with the QlAamp DNA Blood mini kit (QIAGEN), according 
to manufacturer guidelines. 

MITF gene sequencing. Sanger sequencing of MITF coding sequence, the intron- 
exon boundaries and the 8 alternative promoters was performed in DNA extracted 
from the blood of 62 patients affected with melanoma + RCC (primers available 
upon request) on a 3730 DNA Analyser (Applied Biosystems; ABI). Nucleotide 
number refers to the wild-type cDNA sequence of MITF (NM_000248.3) as 
reported in GenBank. 

Genotyping of Mi-E318K. Genotyping was carried out with Taqman according 
to the manufacturer recommendations. Primers and probes were supplied in the 
Assay-by-Design by Applied Biosystems (ABI). PCR reactions were performed 
with 10 ng genomic DNA and 0.2 pmol! TaqMan MGB probes. Probe 5'-VIC- 
ATCAAGCAAGAACCCG-3’ was designed to match the wild-type allele, and 
probe 5'-6-FAM-CAAGCAAAAACCCG-3 was designed to match the mutant 
allele (underlined bold indicates the nucleotide at the mutation site). PCR thermo- 
cycling was performed on ABI thermocyclers, as follows: 95°C for 15 min; 30 
cycles of 95°C for 15s and 60°C for 1 min. Assays were carried out in 96-well 
plates that included a negative control (with no DNA) and positive controls (DNA 
from subjects with Mi-E318K). Plates were read on a 7900HT Fast Real-Time PCR 
System (ABI) with Sequence Detection Software (ABI). Carriers of Mi-E318K 
were confirmed by Sanger sequencing with the above protocol and primers for 
MITF exon 9. 

PCA of genome-wide SNP data. To verify that the association of Mi-E318K with 
melanoma and/or RCC was not influenced by population stratification, we carried 
out PCA of SNP data across the genome in cases and controls that had been 
genome-wide genotyped and satisfied stringent quality control criteria. A total 
of 1,628 controls and 569 cases affected with melanoma, RCC or both cancers were 
genotyped by the Centre National de Génotypage (CNG) using Illumina 
HumanHap300 Beadchip version 2 duo array for controls and Illumina 
Humancnv370k and Human660W-Quad arrays for cases. Samples were excluded 
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for any of the following reasons: (1) a call rate of less than 97% of the total number 
of SNPs on the chip (222 samples); (2) sex as ascertained by genotyping not 
matching reported sex (10 samples); (3) heterozygosity on autosomes departing 
from the estimated expected value (7 samples); (4) relatedness with another sam- 
ple (4 samples). This resulted in exclusion of 243 samples. PCA was then applied to 
1,954 subjects that passed quality control using EIGENSTRAT software’. To 
identify individuals of non-European ethnicity, SNPs were thinned to reduce 
linkage disequilibrium and combined with the HapMap data of wide-ranging 
ethnicity. The first two principal components (PCs) clearly separated the 
HapMap data into distinct clusters according to ethnicity and identified 29 study 
samples of non-European ancestry who were excluded. The remaining 1,925 
European ethnicity samples (1,389 controls, 536 cases) were analysed similarly 
without the Hapmap data. Plotting the first two principal components showed 
appropriate clustering of cases and controls (Supplementary Fig. 1). 

MITF immunohistochemistry. Briefly, 4-11m tissue sections were cut from par- 
affin-embedded blocks, deparaffinized and rehydrated. RCC (patient ID numbers 
10276, 24976, 11473, 21309, 21939, 25220, 26534; all in Supplementary Table 2) 
immunohistochemistry was performed with a three-step, avidin—biotin-peroxidase 
method. Staining was performed in an automated Dako Autostainer. Heat-mediated 
antigen retrieval was performed in 0.1 moll~' pH 6.0 citrate, and samples were 
heated in a water bath for 30 min in a Dakolink processor (Dako). Monoclonal 
mouse anti-human MITF (Clone D5, Dako, 1/100) was incubated with the samples 
for 30 min at room temperature (22 °C). SSM immunohistochemistry (patient ID 
numbers 19525, 24976, 10254, 15168, 15012, 21000, 22112, 27708 all in 
Supplementary Table 2 except number 27708 in Supplementary Fig. 1) was per- 
formed with a three-step avidin-biotin-alkaline-phosphatase method. Staining was 
performed in a Roche Diagnostics Benchmark XT automated stainer. Heat- 
mediated antigen retrieval was performed in the automat in cell conditioning solu- 
tion 1 (Roche Diagnostics) for 1h (Dako). Monoclonal mouse anti-Human MITF 
(Clone D5, Roche Diagnostics, pre-diluted) was incubated with samples for 16 min 
at room temperature. All slides were then counterstained with haematoxylin. 
Appropriate negative and positive controls were prepared in parallel. 

Functional assays. Plasmids. The pcDNA3-Mi construct, which carried the 
M-MITF isoform and the 3M vector have been described previously**. The 
A-MITF isoform was a gift from H. Arnheiter (NIH). The MITF mutations, 
p-K182R and/or Mi-E318K, were generated with the QuickChange method 
(Stratagene) with the following sense primers and their reverse complements: 
Mi-K182R 5’-CTTCCCAACATAAGAAGGGAGCTCACAGC-3’; MI-E318K 
5'-GGATCATCAAGCAAAAACCAGTTCTTGAG-3’. Mutations were con- 
firmed by DNA sequencing. His-SUMO1 and HA-SUMO2? were a gift from A. 
Dejean and have been described elsewhere”. 

Cell cultures, transfections, and immunoblots. Human 501mel and A375 mel- 
anoma cells, human RCC4 cells and HEK293 cells were grown in DMEM supple- 
mented with 7% FBS. Melan-a cells were cultured in RPMI 1640, 7% FCS, 200 nM 
TPA and 200 pM cholera toxin. All the cells were maintained at 37 °C in a humidi- 
fied atmosphere containing 5% CO . HEK293 cells were cultured in 6-well dishes 
(10° cells per well) and transfected with the above-mentioned plasmids (2 1g of 
total DNA per well) and FuGENE 6 (Roche Applied Science). Forty-eight hours 
later, the cells were washed with PBS and lysed at 95°C in 1X loading buffer 
(41.6 mM Tris, pH 6.8, 1.5% SDS, 6.7% glycerol). Proteins were resolved by elec- 
trophoresis in 10% SDS-polyacrylamide gels and transferred to PVDF mem- 
branes. Proteins were detected with ECL (Amersham) and antibodies to MITF 
(Abcam), HA-tag (Abcam), SUMO] (Santa Cruz Biotechnology) or ERK2 (Santa 
Cruz Biotechnology). 

Reporter assays. Human 501mel melanoma cells and HEK293 cells were seeded 
in 24-well dishes (25 X 10° cells per well). Subsequently, cells were transiently 
transfected with 0.3 1g reporter plasmid (3M, pHIF1A, pMET), 0.05 pg of 
MITF-encoding plasmids or empty, control pcDNA3 (EV), 2 ul of lipofectamine 
reagent (Invitrogen) and 0.05 jg of pCMVBGal for controlling the variability in 
transfection efficiency. Cells were lysed 48h later and assayed for luciferase and 
B-galactosidase activities. Transfections were repeated at least three times. 

Immunofluorescence. HEK293 cells were seeded on glass coverslips (100 X 10° 
cells) in 6-well dishes, and transfected with 3 1g of the different MITF mutants and 
10 pil lipofectamine. Forty-eight hours later, cells were fixed for 10 min with 4% 
paraformaldehyde, permeabilized for 2 min with 0.1% Triton X-100/1% bovine 
serum albumin (BSA), and treated for 2 min with NH,Cl 50 mM. . Then, samples 
were washed three times in PBS and stained for 1h with monoclonal anti-MITF 
antibody (Abcam, clone D5) in 1% BSA/PBS. Next, samples were washed three 
times in PBS for 5 min each and then stained secondarily for 1h with Alexa-594- 
conjugated goat-anti-mouse antibody (Molecular probes) in 1% BSA. Cells were 
counterstained with 4,6-diamidino-2-phenylindole (DAPI), mounted with 
Fluoromount-G (Southern Biotech), and examined with a Zeiss Axiophot micro- 
scope equipped with epifluorescent illumination. 
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Colony forming assay. Immortalized Melan-a mouse melanocytes, A375 
human melanoma cells and RCC4 human cells (8 X 10° cells per well) were 
transfected with wild type or Mi-E318K (3g total DNA per well and 10% 
pBABE-puro) with the FuGENE 6 Transfection reagent (Roche Applied 
Science). Puromycin (1 pg ml ') was added to media at 48h post-transfection. 
Fourteen days later, the cells were fixed and stained with 0.4% crystal violet, and 
the plates were photographed. 

Establishing stable 501mel cells that expressed tagged MITF. 501mel cells were 
transfected with FuGENE 6 reagent, a vector encoding puromycin resistance, and 
a pCMV vector that was either an empty, control vector or a vector encoding 
3X HA-tagged MITF (wild type or Mi-E318K). Transfected cells were selected 
with puromycin; the expression of MITF was verified by western blot analysis 
with anti-MITF (Abcam, C5) or anti-HA (Roche, 12CA5) antibodies. 

Migration and invasion assays. Migration (on uncoated filters) and invasion (on 
coated filters with matrigel) were investigated in a Boyden chamber system that 
comprised 24-well plates and 8-,1m pore filter inserts (BD Bioscience). Stable 
501mel melanoma cells (2 X 10° cells), A375 melanoma cells (1.5 X 10° cells) 
and RCC4 renal cancer cells (5 X 10* cells) were infected with control vector or 
adenovirus that encoded wild type or Mi-E318K at a multiplicity of infection 
(MOI) of 20 for 24h, were then resuspended in serum-free DMEM and seeded 
on the upper chamber inserts. DMEM with 7% FCS was placed into the lower 
chamber. Twenty-four hours (501mel and RCC4) or 6h (A375 cells) later, cells 
adherent to the underside of the filters were fixed with 4% PFA and stained with 
0.4% crystal violet. Adherent cells were counted in five random fields at 200 
magnification. Results represented the average of duplicate samples from three 
independent experiments. 

Gene expression arrays. Three replicates were performed for both RCC4 and 
A375 cells. mRNA was isolated with Trizol (Invitrogen) from A375 melanoma 
cells and from RCC4 cells infected with either control, wild type or Mi-E318K, 
according to standard procedures. Briefly, probes were synthesized from 500 ng of 
total RNA in two steps, according to the manufacturer’s instructions. The two 
samples to be compared were labelled separately with different fluorescent dyes, 
cyanine-3 (Cy3) and cyanine-5 (Cy5). For each sample, 1 pg of purified CRNA 
labelled in cy5 was mixed with the same amount of cRNA labelled in cy3. Label 
incorporation was checked on a NanoDrop spectrophotometer. Hybridizations 
were performed with a dye-swap strategy on whole-human-genome dual colour 
8 X 60K oligonucleotide microarrays (design 028004; Agilent Technologies). 
Feature extraction software provided by Agilent (version 10.7.3.1) was used to 
quantify the intensity of fluorescent images and to apply a linear/lowess normal- 
ization to correct for artefacts caused by nonlinear rates of dye incorporation and 
inconsistent relative fluorescence intensities between some green and red dyes. All 
data were imported into Resolver software (Rosetta Biosoftware) for database 
management, quality control, computational re- 

combination of dye-swaps and statistical analysis. Mi-E318K specific signature 
was generated using the following parameters: intensity >50; fold change >1.5; P 
value <0.05. Functional analysis was carried out with the Ingenuity Pathway 
Analysis (Ingenuity System, http://www.ingenuity.com). 


ChIP-seq. ChIP-seq was performed as previously described**. Briefly, chro- 
matin was prepared from native 501mel cells or cells that stably expressed 
HA-tagged wild type or Mi-E318K. The isolated chromatin was HA-immu- 
noprecipitated and sequenced with an Illumina GAIIx sequencer. The raw 
data were analysed with the Illumina Eland pipeline V1.6 programme. 
Peak detection was performed with MACS software (http://liulab.dfci.har- 
vard.edu/MACS/), and the peaks were annotated with GPAT software (http:// 
bips.u-strasbg.fr/GPAT/Gpat_home.html). Peak annotations were performed 
with a window that included +20 kb from the coordinates at the beginning and 
end of RefSeq transcripts. The total number of reads for the wild-type data set was 
1.7 fold higher than for the Mi-E318K data set. To facilitate quantitative compar- 
isons, an appropriate number of reads was randomly removed from the wild-type 
data set to match the number present in the Mi-E318K data set. Subsequently, 
a quantitative comparison of the ChIP-seq data sets was performed with 
seqMINER”. Clustering was performed by counting the number of tags in a 36- 
bp sliding window for each ChIP-seq data set based on the coordinates of wild-type 
or Mi-E318K binding sites or on a reference sequence (RefSeq TSS). Only peaks 
with =10 reads were used for comparison. A matrix of binding sites and densities 
was generated and subjected to K-means clustering with the seqMINER pro- 
gramme. 

Statistical analysis. Fisher’s exact test was used to compare Mi-E318K allele 
frequencies between cases and controls and among different groups of cases. 
The odds ratios and confidence intervals associated with Mi-E318K carrier status 
were estimated by exact logistic regression. Logistic regression was also used to test 
for the effect of Mi-E318K on melanoma and/or RCC with and without adjusting 
for the first ten principal components estimated from genome-wide SNP data in 
patients and controls who were genome-wide genotyped and passed quality con- 
trol. All computations were performed with Stata software, version 11 (StataCorp 
LP). For functional assays, results were considered significant when the Student’s 
t-test, *P value was $0.05, **P < 0.01, ***P = 0.001. 
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So far, two genes associated with familial melanoma have been iden- 
tified, accounting for a minority of genetic risk in families. 
Mutations in CDKNZ2A account for approximately 40% of familial 
cases, and predisposing mutations in CDK4 have been reported in a 
very small number of melanoma kindreds*. Here we report the 
whole-genome sequencing of probands from several melanoma 
families, which we performed in order to identify other genes asso- 
ciated with familial melanoma. We identify one individual carrying a 
novel germline variant (coding DNA sequence c.G1075A; protein 
sequence p.E318K; rs149617956) in the melanoma-lineage-specific 
oncogene microphthalmia-associated transcription factor (MITF). 
Although the variant co-segregated with melanoma in some but 
not all cases in the family, linkage analysis of 31 families subsequently 
identified to carry the variant generated a log of odds (lod) score 
of 2.7 under a dominant model, indicating E318K as a possible 
intermediate risk variant. Consistent with this, the E318K variant 
was significantly associated with melanoma in a large Australian 
case-control sample. Likewise, it was similarly associated in an 
independent case-control sample from the United Kingdom. In 
the Australian sample, the variant allele was significantly over- 
represented in cases with a family history of melanoma, multiple 
primary melanomas, or both. The variant allele was also associated 
with increased naevus count and non-blue eye colour. Functional 
analysis of E318K showed that MITF encoded by the variant 
allele had impaired sumoylation and differentially regulated several 
MITF targets. These data indicate that MITF is a melanoma- 
predisposition gene and highlight the utility of whole-genome 
sequencing to identify novel rare variants associated with disease 
susceptibility. 

Cutaneous malignant melanoma is predominantly a disease of fair- 
skinned individuals. Aetiology is complex, with environmental 
(mainly ultraviolet radiation exposure) and genetic factors affecting 
disease risk. Phenotypic risk factors, which are largely heritable, 
include pigmentation (fair skin, blue or green eyes, blonde or red hair), 
sun sensitivity, an inability to tan*°, high number of melanocytic 
naevi’®*, or the presence of clinically atypical naevi’. Candidate-gene 
studies and genome-wide association studies (GWAS) for melanoma 
and these melanoma-associated phenotypes have identified several 


variants associated with melanoma risk in the general population’””’. 
Family studies, on the other hand, have identified only two high- 
penetrance melanoma genes, CDKNZ2A (ref. 1) and CDK4 (ref. 2), 
accounting for a minority of genetic risk in melanoma families. 

As part of a larger sequencing effort to identify novel melanoma risk 
genes, we sequenced the genome of an affected individual from an 
eight-case melanoma family negative for alterations in CDKN2A or 
CDK4 (Fig. 1, FAM1) using a nanoarray-based short-read sequencing- 
by-ligation strategy’*. From among the 410 novel variants predicted to 
affect protein structure, we prioritized for follow-up a single nucleotide 
polymorphism (SNP) resulting in a glutamic acid to lysine substitution 
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Figure 1 | Co-segregation analysis of the MITF E318K variant in the family 
in which it was identified. The pedigree shows individuals that have had 
melanoma (shaded circles or boxes), with the age of first melanoma diagnosis 
indicated in brackets and the number of melanomas that have occurred in the 
individual so far (for example, 2 indicates two primary melanomas). If the 
number of melanomas is not stated, the individual has had a single melanoma. 
A diagonal line through the symbol indicates that the person is deceased. The 
genotype for the MITF E318K variant for individuals with an available DNA 
sample for testing is annotated ‘E318K if a carrier or wild type ‘WT’. Other 
cancer types are also indicated with the age of first diagnosis indicated in 
brackets if known. Br, breast; Mes, mesothelioma; MM, melanoma; Oes, 
oesophagus. The individual circled in Family 1 (FAM1) is the melanoma case in 
which the MITF E318K variant was discovered through whole-genome 
sequencing. See Supplementary Fig. 3 for pedigrees of all other families 
identified as carrying E318K. 
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Table 1 | MITF E318K association with melanoma 


Population Group No. of individuals No. of individuals Variant carrier OR 95% Cl One-sided Two-sided 
with variant without variant frequency exact P exact P 

Australia Cases 34 2,025 0.0165 2:33 1.21-4.70 0.0045 0.0083 
Controls 14 1,939 0.0072 

UK Cases 34 1,895 0.0176 2.09 1.14-3.94 0.0074 0.0115 
Controls 18 2,097 0.0085 

Australia + UK Cases 68 3,920 0.0171 2.19 1.41-3.45 0.0001 0.0003 
Controls 32 4,036 0.0079 


It should be noted that the reported allele frequencies for M/TF E318K in the population-based samples are without removing individuals with CDKN2A or CDK4 mutations, as screening for these genes was not 


routinely performed. 


in MITF (E318K, codon numbering based on the melanocyte-specific 
MITF-M._ isoform; c.G1075A, NCBI accession NM_000248.3; 
p-E318K, NCBI accession NP_000239.1; rs149617956). Although 
linkage’* and GWAS studies”"° have not provided evidence implicating 
MITF in either predisposition to melanoma or the melanoma- 
associated phenotypes of pigmentation and naevogenesis'’!*'*”, 
MITF is known to regulate a broad repertoire of genes whose functions 
in melanocytes range from development, differentiation, survival, 
cell-cycle regulation and pigment production. MITF is somatically 
amplified*®*' or mutated” in a subset of melanomas, and strongly over- 
expressed in others”, making it an attractive candidate despite the lack 
of prior evidence for involvement in germline risk. 

We evaluated whether MITF E318K is a high-penetrance melanoma 
susceptibility variant in Family 1 by genotyping the remaining affected 
individuals available for study. The MITF variant allele was found in 
3/7 melanoma cases assessed in this family (Fig. 1), consistent with it 
being a medium-penetrance melanoma risk variant. To assess further 
this possibility, we genotyped two large Australian melanoma case- 
control samples for MITF E318K. The variant was found in 14/1,953 
controls (carrier frequency = 0.0072) and thus represents a rare popu- 
lation variant (Table 1). We observed a significantly higher frequency 
(34/2,059) in cases (carrier frequency = 0.0165) than controls (Fisher 
exact P = 0.008, odds ratio (OR) 2.33, 95% confidence interval (CI) 
1.21-4.70), indicating that the variant correlates with increased 
melanoma risk in the general population. The effect size for E318K 
is larger than those reported for variants from melanoma GWAS””° 
and similar to that observed for red-hair-colour-associated variants of 
the melanocortin 1 receptor (MC1R) gene (OR for most populations 
~2.4)*, Among cases, the MITF E318K variant was enriched in those 
with multiple primary melanomas (OR 4.22, 95% CI 1.52-10.91), a 
family history of melanoma (OR 2.95, 95% CI 1.23-6.92), or both (OR 
8.37, 95% CI 2.58-23.80), but not in cases with earlier age of onset 
(comparing diagnosis before age 40 versus after 40 years) (Table 2). 

We replicated these findings in two independent population-based 
case-control samples from the United Kingdom. In the combined UK 
sample, the variant allele frequency was also significantly higher in 
cases (carrier frequency = 0.0176) than controls (carrier frequency = 
0.0085, P= 0.012, OR 2.09, 95% CI 1.14-3.94, Table 1). The asso- 
ciation with melanoma in the pooled UK and Australian data was 
highly significant (combined P = 0.0003, OR 2.19, 95% CI 1.41- 
3.45). In the UK cases there were also trends towards family history, 
earlier age of onset, and the occurrence of more than one primary 
melanoma in variant carriers (Table 2). 


To extend assessment of the MITF variant in melanoma-prone 
families, we screened for E318K in 182 UK families with at least two 
melanoma cases and 88 Australian families with at least three cases, all 
of which are negative for mutations in CDKN2A or CDK4. Six families 
(2.2%) were found to carry the variant. In the UK, E318K was enriched 
in the more melanoma-dense families; 4/54 (7.4%) families with at 
least three melanoma cases versus 1/128 (0.8%) families with two 
melanoma cases (Fisher’s exact P = 0.013). We subsequently evaluated 
whether MITF E318K co-segregated with melanoma in these as well as 
additional multiple-case families identified from the case-control 
sample. In total, we identified 31 unrelated cases carrying MITF 
E318K from Australia and the UK with at least one first- or second- 
degree relative diagnosed with melanoma (listed in Supplementary 
Table 1; Supplementary Fig. 3), 22 of which had DNA available from 
additional affected family members for genotyping. In 9/31 families 
(five three-case and four two-case families) the variant was found in all 
affected individuals (Supplementary Fig. 3a; non-segregating families 
shown in Supplementary Fig. 3b), whereas in 12 additional families, 
the variant co-segregated with melanoma in the available cases, but 
DNA from all cases was not available for screening (Supplementary 
Fig. 3c). To test more formally for linkage of melanoma with MITF 
E318K in these families, we calculated a lod score of 2.7 under a 
dominant model, again consistent with an incompletely penetrant 
medium risk variant. 

To assess whether the MITF variant is related to known melanoma- 
associated risk phenotypes of pigmentation and naevus count, we 
tested for association both in cases and controls from the Australian 
and British populations. The MITF variant allele is significantly asso- 
ciated with increased naevus count (combined P = 0.002, OR 2.54, 
95% CI 1.42-4.55; Supplementary Table 2) and non-blue eye colour 
(combined P = 0.018, OR 2.01, 95% CI 1.11-3.81; Supplementary 
Table 3). It was not associated with skin colour, hair colour, or freck- 
ling (Supplementary Table 4). Reassessing the case-control analysis 
accounting for naevus count and eye colour gave a slightly reduced 
effect size for association of the variant with melanoma (OR 1.82, 95% 
CI 0.85-3.92), suggesting that the risk of melanoma attributable to 
MITF E318K may be mediated at least in part via one or both of these 
phenotypes, but that there is a substantial residual risk conferred by the 
variant through an as yet undetermined mechanism. 

We next sought to evaluate whether the E318K mutation alters MITF 
function. The E318K variant is located within one of two IKXE con- 
sensus sites on MITF previously shown to be post-translationally modi- 
fied by the addition of the small ubiquitin-like-modifier SUMO”. 


Table 2 | Association of M/TF E318K with melanoma-associated variables 


Australia UK 

Case set Carrier Carrier counts OR vs Aus 95% Cl Carrier Carrier counts OR vs UK 95% Cl 

frequency (carrier/wild type) controls frequency (carrier/wild type) controls 
All cases 0.0165 34/2,025 2.33 1.21-4.70 0.0176 34/1,895 2.09 1.14-3.94 
Age of onset <40 years 0.0139 14/996 1.95 0.86-4.42 0.0174 5/283 2.10 0.60-5.91 
Family history of melanoma 0.0209 12/563 2.95 1.23-6.92 0.0273 3/107 3.36 0.62-11.77 
Multiple primary melanomas 0.0296 8/262 4.22 1.52-10.91 0.0225 2/87 2.74 0.30-11.74 
Multiple melanomas and family 0.0571 6/99 8.37 2.58-23.80 0.0000 0/10 - - 


history 


Aus, Australia. 
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Mutation of the residue to which SUMO is covalently attached in this 
motif (K316R) has previously been shown to abrogate MITF sumoyla- 
tion and significantly increase MITF transcriptional activity in 
vitro***>. We thus hypothesized that E318K would similarly alter 
sumoylation and transcriptional activity of MITF. To test this we con- 
structed a cDNA encoding His-tagged MITF carrying the E318K 
mutation. We evaluated the effects of E318K on sumoylation in com- 
parison to the wild type and previously characterized synthetic muta- 
tions of the two known MITF sumoylation sites (K316R and K182R) by 
co-transfecting with haemagglutinin (HA)-tagged SUMO] in COS-7 
cells (Fig. 2a). Wild-type MITF shows two SUMO1-modified forms, 
whereas MITF mutants K182R or K316R each show only one modified 
form (Fig. 2a). Similar to the synthetic K316R and K182R mutants, 
E318K abrogates sumoylation, resulting in complete loss of the doubly 
sumoylated form of MITF and reducing the mono-sumoylated form. 
When the second site is mutated (K182R) simultaneously with E318K, 
MITF sumoylation is completely abolished. Immunoprecipitation 
of endogenously expressed MITF E318K from melanoma cells 
homozygous for E318K (NAE) when transfected with SUMO similarly 
revealed only bands corresponding to mono- and non-sumoylated 
isoforms of MITF on western blot (Fig. 2b). 

We then looked for differences between mutant and wild-type 
MITF transcriptional activity using a reporter construct containing 
the MITF-responsive TRPM1 promoter”. At two concentrations 
tested, the E318K mutant exhibited 1.34-1.40 fold induction of the 
TRPM1] luciferase reporter relative to wild-type MITF (Fig. 2c). This 
fold induction is similar to that observed previously on multiple MITF 
target promoters using single or double artificial sumoylation-site 
MITF mutants*’° and suggests that the E318K variant found in 
melanoma changes the transcriptional potency of MITF. To study this 
in greater detail, we determined the effect of the E318K mutation on 
global MITF target gene transcription. We developed a tetracycline- 
inducible system for expression of wild-type MITF or the E318K vari- 
ant in melanoma cell lines with constitutively low or undetectable 
levels of endogenous MITF (HT144 and C32, respectively”®, Fig. 2d). 
At the phenotypic level, induction of wild-type or E318K MITF led to 
increased proliferation compared to uninduced controls for each of the 
cell lines, although there was no significant difference in growth rate 
between the cells expressing the different isoforms (data not shown). 
We examined whole-genome expression profiles in these cells follow- 
ing induction of either wild-type or E318K MITF for 48h. Of the 37 
genes commonly regulated by wild-type and E318K MITF in both cell 
lines (Supplementary Fig. la, b; see Methods for analysis details), 28 
(76%) had previously been identified as MITF target genes (Sup- 
plementary Table 5)°’’*, and 17 showed =1.25-fold differences in 
expression between the wild-type and E318K isoforms (Supplemen- 
tary Fig. 1b). We also identified two gene products that were uniquely 
differentially regulated compared to uninduced cells by the induction 
of wild-type MITF but not MITF E318K in both parental cell lines, 
and 16 gene products after induction of MITF E318K but not wild- 
type MITF (Supplementary Table 6). Of these, 61% (11/18) have previ- 
ously been reported as MITF targets (Supplementary Table 6)’””*. 
Collectively, these data indicate that the MITF E318K mutant exhibits 
differential transcriptional activity against some, although not all, 
target genes. In agreement with the reporter assays (Fig. 2c), we iden- 
tified transcriptional differences in gene products known to be 
involved in pigmentation (DCT, MLANA), in which the differences 
were more marked with expression of the E318K variant in com- 
parison to wild-type MITF. These were validated by quantitative 
polymerase chain reaction with reverse transcription (qRT-PCR) in 
the cell lines used for microarray analysis (Fig. 2e), as well as in an 
additional melanoma cell line constitutively expressing wild-type or 
E318K mutant MITF (Fig. 2f and Supplementary Fig. 2). In keeping 
with the increase in expression of these pigmentation genes, we 
detected a 22% increase in melanin content in HT-144 melanoma cells 
72h after induction of MITF E318K compared to wild-type MITF 
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Figure 2 | E318K prevents MITF sumoylation and results in differential 
expression of MITF target genes. a, His-tagged wild-type MITF or the 
indicated single or double point mutants were co-transfected with HA- 
SUMO1 in COS-7 cells or b, HA-SUMO was transfected alone into 
homozygous mutant E318K MITF melanoma cells (NAE). Single- and double- 
sumoylated forms of MITF are indicated by a dagger and double dagger, 
respectively. The doublet bands are caused by MAPK-mediated 
phosphorylation at serine 73 (ref. 30). c, UACC62 human melanoma cells were 
transfected with TRPM1-promoter constructs with indicated amounts of 
expression vector encoding wild-type or mutant forms of MITF. Fold induction 
is shown as the ratio to the average of no MITF transfection (0 ng). Data are 
mean + s.d. of at least four independent experiments. d, Expression of MITF in 
two melanoma cell lines (HT144 and C32) engineered to inducibly express 
wild-type (WT) or mutant (E318K) MITF after treatment with tetracycline for 
48 h (48), as determined by qRT-PCR. Performed in triplicate, error bars depict 
s.d. e, Expression of MITF target genes DCT (top left), MLANA (top right) and 
THBS1 (bottom left) determined by qRT-PCR in melanoma cell lines 48 h after 
induction of wild-type or E318K MITF. Gene expression is normalized to 
GAPDH and shown as fold change compared to uninduced cells. Performed in 
triplicate, error bars denote s.d. f, RT-PCR analysis of total RNA isolated from 
UACC62 human melanoma cells, which were transfected with expression 
vector encoding wild-type or mutant forms of MITF. The expression level of 
each target gene was normalized to MITF mRNA. Fold induction is shown as 
the ratio to each MRNA expression with wild-type MITF. Data are mean + s.d. 
of at least three independent experiments. *P < 0.05, **P < 0.01. 


(data not shown). This is also consistent with our observation that 
carriers are more likely to have darker (that is, non-blue) eye colour 
(Supplementary Table 3) but, notably, these data contrast with other 
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previously reported ‘fair-skin-associated’ melanoma risk variants, 
such as those in MCIR or TYR. It is uncertain whether the enhanced 
expression of pigment genes may contribute to melanomagenesis, 
perhaps by increasing oxidative stress and an increase in oxidative 
DNA damage”, or alternatively may simply reflect increased MITF 
activity, which (separately) promotes tumorigenesis, as MITF is a 
previously recognized amplified melanoma oncogene”. 

We adopted the approach of whole-genome sequencing of patients 
from melanoma families and identified a novel germline mutation of 
MITF. This mutation was found to be present in numerous melanoma 
families, as well as the general population, in which its association with 
melanoma has an effect size similar to red-hair-causing variants of 
MCI1R”. The melanoma susceptibility genes discovered through 
GWAS so far account for only a minority of inherited disease risk. A 
proportion of this ‘missing heritability’ may be due to rare sequence 
variants, which are poorly detected by GWAS using SNP arrays. The 
new MITF variant reported here shows reasonably strong linkage to 
melanoma (lod score 2.7) but crucially not a high enough signal to be 
clearly visible in previous genome-wide linkage scans. We also provide 
in vitro data supporting a functional mechanism by which this muta- 
tion may mediate melanoma risk, specifically abrogation of MITF 
sumoylation and differential transcription of select MITF target genes. 
Although the individual changes in transcription induced by the 
mutant E318K MITF in comparison to wild-type MITF are modest, 
the orchestrated change in the levels of multiple MITF target genes is 
likely to be biologically important, especially over the lifetime of a 
person. This study offers a rare glimpse of a complex functionality 
whereby a risk-conferring SNP affects the post-translational proces- 
sing of a crucial lineage-specific survival and differentiation gene. This 
study demonstrates the utility of performing whole-genome and 
exome resequencing in appropriate affected individuals to identify 
such novel rare disease-specific variants and functionally characterize 
variants associated with complex disease not otherwise detectable via 
GWAS or linkage approaches. 


METHODS SUMMARY 


The collection of the Australian melanoma families used for the study, as well as 
the Queensland and AMFS case-control sets are described elsewhere and in 
Methods. Likewise the UK studies from Leeds and Cambridge as well as the panel 
of melanoma cell lines. Whole-genome sequencing, assembly and variant calling 
were performed by Complete Genomics, as described previously’*. Genotyping of 
MITF E318K was performed using the Sequenom MassArray system (Australian 
studies) or a custom TaqMan assay (UK studies), with DNA from the affected 
family member in which E318K was identified included multiple times as a 
positive control. Statistical analyses are described in detail in Methods. Co- 
segregation analyses were performed in melanoma families via Sanger sequencing 
using the primers: forward, 5’-CAGGCTCGAGCTCATGGA-3’; reverse, 
5'-TGGGGACACTATAGGCTTGG-3’. MITF sumoylation and TRPM1 reporter 
assays were performed as previously described”. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Melanoma families. Ascertainment and clinical evaluation of Australian and UK 
pedigrees with familial melanoma is described elsewhere’. In an effort to 
maximize the chance of identifying a novel melanoma susceptibility gene, we 
restricted inclusion in our study to pedigrees that were mutation negative for both 
CDKN2A and CDK4, by single-strand conformation polymorphism (SSCP) 
and/or direct sequencing. 

Melanoma case-control studies. Australia. Cases were drawn from (1) a 
population-based sample from Queensland, unselected for age at onset 
(Queensland study of Melanoma: Environment and Genetic Associations; 
Q-MEGA”*) and (2) a population-based case-control family study of melanoma 
diagnosed before age 40 years, ascertained in Brisbane, Melbourne and Sydney 
(AMES)°*’. Two sets of Australian controls were used. First, a sample of unrelated 
individuals was ascertained; they were mainly parents of adolescent twins (80% of 
the sample), together with a smaller number of twins and their siblings, recruited 
through schools to participate in the Brisbane Adolescent Twin Study’. 
Additionally, a set of controls from AMFS were available for genotyping”. The 
AMES and twin controls did not have a personal history of melanoma. Approval 
for these as well as the melanoma family studies was obtained from the Human 
Research Ethics Committees of Queensland Institute of Medical Research 
(QIMR), University of Sydney, University of Melbourne and cancer registries of 
New South Wales, Victoria and Queensland. Informed consent was obtained from 
all participants. Most samples had: questionnaire-based naevus count based on a 
four point scale: ‘none’, ‘a few, ‘moderate’ and ‘very many’ (Queensland); or 
‘none’, ‘few’, ‘some’ and ‘many’ for AMFS; data on pigmentation variables, includ- 
ing: hair colour (fair, light brown, red, dark brown, black), eye colour (blue/grey, 
green hazel, brown/black), skin colour (light, medium, dark) and number of 
freckles (none, few, some/moderate, many). 

United Kingdom. The Leeds-based case-control study recruited population- 
based incident melanoma cases diagnosed between September 2000 and 
December 2006 from a geographically defined area of Yorkshire and the 
Northern region of the UK (63% response rate)”’**’. Cases were identified by 
clinicians and pathology registers and via the Northern and Yorkshire Cancer 
Registry and Information Service to ensure overall ascertainment. For all but 18 
months of the study period, recruitment was restricted to patients with Breslow 
thickness of at least 0.75 mm. Controls were ascertained by contacting general 
practitioners to identify eligible individuals. These controls were frequency- 
matched with cases for age and sex from general practitioners who had also had 
cases as a part of their patient register. Overall there was a 55% response rate for 
controls. The first 960 of the cases recruited and all controls were examined by 
trained interviewers who performed a standardized examination of the skin, 
recording naevi by anatomical site and size. For subsequent cases, self-reported 
information on naevi was obtained. In total we utilized 1,549 cases and 495 con- 
trols from this study. We also used 380 cases and 373 controls recruited by the 
University of Cambridge who were genotyped in the replication series. The cases 
and controls were recruited as a part of the SEARCH study**"', an ongoing 
population-based study in Eastern England. Cases were ascertained through the 
Eastern Cancer Registry and Information Centre, and were aged between 18 and 
70 years at diagnosis. Controls were drawn from SEARCH and EPIC-Norfolk. The 
control set was supplemented with 1,245 additional controls from the Wellcome 
Trust Blood Services control set. Details of these studies have been previously 
published****. Approvals for the Leeds-based family studies, the Leeds case- 
control study and the Leeds Melanoma Cohort study were obtained from the 
National Research Ethics Service, Northern and Yorkshire Research Ethics 
Committee. Approvals for Cambridge case-control studies were obtained from 
the Cambridgeshire 4 Research Ethics Committee and the Norwich Local 
Research Ethics Committee. Informed consent was obtained from all participants. 
Melanoma cell lines. The melanoma tumour cell lines used in this study were 
derived from primary cutaneous melanomas or melanoma metastases, as 
described previously’. DNA was extracted using QIAGEN QlIamp Blood Maxi 
kits (Qiagen) according to the manufacturer’s instructions. 

DNA Sequencing (whole genome). One affected member from Family 1 was 
sequenced by Complete Genomics using a nanoarray-based short-read sequencing- 
by-ligation strategy. Sequencing, genome assembly (to genome build hg18/ 
NCBI36.1), and variant calling were performed as described previously’. 

Sequenom MassARRAY genotyping of E318K. MITF E318K was genotyped in 
Australian samples as part of a multiplex assay designed using the Sequenom 
MassARRAY Assay Design software (version 3.0). The SNP was typed using 
Sequenom iPLEX chemistry on a MALDI-TOF Compact Mass Spectrometer 
(Sequenom). The 2.5 pl PCR reactions were performed in standard 384-well plates 
using 12.5 ng genomic DNA, 0.8 units of Taq polymerase (HotStarTaq, Qiagen), 
500 ptmol of each dNTP, 1.625 mM of MgCl, and 100 nmol of each PCR primer 
(Bioneer). Standard PCR thermal cycling conditions and post-PCR extension 


reactions were carried out as described previously'®. The iPLEX reaction products 
were desalted by diluting samples with 15 pl of water and adding 3 pl of resin. The 
products were spotted on a SpectroChip (Sequenom), and data were processed and 
analysed by MassARRAY TYPER 3.4 software (Sequenom). DNA from the Family 
1 sample in which E318K was identified was included multiple times as a positive 
control. As an additional quality control measure, we also confirmed the genotype 
of multiple individuals from the Australian case-control study, particularly those 
with a family history of melanoma, via Sanger sequencing, identifying no geno- 
typing errors. 

TaqMan genotyping of E318K. UK samples were genotyped for E318K using a 
custom TaqMan assay. DNA from the Australian family member in which E318K 
was identified was included as a positive control. Leeds melanoma pedigrees also 
were re-screened as a quality control measure using high-resolution melting 
(HRM) primers designed to assay E318K, with the results from HRM and 
TaqMan matching exactly. 

Statistical analyses. Parametric linkage analysis on the multiple case melanoma 
families was conducted assuming a dominant model of inheritance, with 
penetrances specified as 5%, 95%, 95% for the three genotype classes. The allele 
frequency at the disease and marker locus was specified to be 0.004. Computations 
were done using the standard (lod score) parametric linkage routine implemented 
in GENEHUNTER-MODSCORE™. For melanoma case-control status, number 
of cases carrying the variant was compared to number of controls carrying the 
variant using Fisher’s exact test. P values given are two-sided except where noted 
otherwise. Sub-phenotypes were tested similarly, with family history, age at onset 
and multiple primary melanoma carrier rates compared with that in controls. 
Number of blue-eyed individuals carrying the variant was compared to number 
of non-blue eyed individuals carrying the variant using Fisher’s exact test. Meta- 
analysis for disease/sub-phenotype status and eye colour was done by combining 
the raw data. Association with mole count (high versus low where high was 
Australian Q-MEGA ‘moderate/many’,, Australian AMFS ‘some/many’, UK 
‘>25 moles’ and low was Australian Q-MEGA ‘none/few’,, Australian AMES 
‘none/few’, UK ‘<25 moles’) was tested using Fisher’s exact test for each sample 
individually, due to differences in the exact definition of low/high. Meta-analysis 
results for mole count were generated by combining the individual sample ORs 
(where the natural log of the odds ratio was weighted for each sample by the 
inverse variance of the natural log of the odds ratio). The case-control analysis 
corrected for naevus count and eye colour was computed by fitting a logistic 
regression with naevus count and eye colour categories as covariates. 

Sanger sequencing for E318K. Australian pedigrees for which the proband was 
identified as carrying the E318K variant via Sequenom, as well as the panel of 
melanoma cell lines, were screened for E318K via Sanger sequencing using the 
following primers: forward, 5’-CAGGCTCGAGCTCATGGA-3’; _ reverse, 
5'- TGGGGACACTATAGGCTTGG-3’. 

MITF sumoylation assay. His-MITF and/or HA-SUMO1 expression vectors, 
previously described”, were transfected into COS-7 or NAE cells. The cells were 
harvested after three days and 10g total protein was applied to each lane. 
Western blots were performed with anti-MITF monoclonal antibody (C5). 
TRPMI reporter assay. TRPM1 reporter plasmid (100 ng), Renilla luciferase 
vector (1ng) (as internal control), and MITF expression vector (0, 175 or 
350 ng) were transfected into UACC62 human melanoma cells as previously 
described”. After 2 days, luciferase activity was determined. Transfection effi- 
ciency was normalized to Renilla luciferase activity. Results are reported as the 
average of at least four independent experiments. 

Construction of inducible MITF-expressing cell lines. Stable inducible express- 
ion of MITF was achieved using the ViraPower T-REx Lentiviral Expression 
System (Invitrogen). Briefly, cell pools were transduced with lentiviral particles 
containing pLENTI6/TR, and selected with 31gml~' blasticidin. Wild-type 
MITF was cloned into pLENTI4/TO/V5-DEST using Gateway recombination. 
Site-directed mutagenesis of the putative sumolyation site was carried out using 
a QuickChange II XL site-directed mutagenesis kit (Stratagene/Agilent 
Technologies), and the following primer pair: E318K change: E318K forward, 
5'- GGTGAATCGGATCATCAAGCAAAAACCCGTTCTTG -3’ and E318K 
reverse, 5'- CAAGAACGGGTTTTTGCTTGATGATCCGATTCACC -3’. The 
negative control construct was identical except that it encodes the B-galactosidase 
gene (Invitrogen). Lentivirus particles were packaged in 293FT cells, before being 
titred using MM96L cells. Target melanoma cell lines were transduced with MITF 
and mutant particles using a multiplicity of infection of less than 1, and selected 
with 500 ug ml? zeocin and 1 pg ml’ blasticidin for 3 weeks. Cells were main- 
tained on 100 1g ml! zeocin and 0.5 jg ml! blasticidin for all experiments. 
Induction of MITF. Cells were treated the day after seeding with 1 jgml! 
tetracycline to induce MITF expression, and harvested 24 or 48h afterwards. 
RNA was extracted using Qiagen RNeasy mini kit as per manufacturer’s instruc- 
tions. RNA concentration was determined using the NanoDrop 2000 (Thermo 
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Scientific). For mRNA analyses 0.5 pg of total RNA was reverse transcribed using 
Superscript III according to the manufacturer's instructions (Invitrogen) and 
MITF, DCT, MLANA, TBSP1 and GAPDH expression analysed using SYBR 
Green PCR Master Mix (Applied Biosystems). Primer sequences were MITF 
forward, 5'’-CCAAGTACCACATACAGCAAGC-3’ and MITF reverse, 5’-TCA 
TCCATCTGCATACAGGACG-3’, DCT forward 5'-CGACTCTGATTAGTCG 
GAACTCA-3’ and DCT reverse, 5'-GGTGGTTGTAGTCATCCAAGC-3’, 
MLANA forward, 5'- GAGAAAAACTGTGAACCTGTGGT-3’ and MLANA 
reverse, 5’'- GACTGTTCTGCAGAGAGTTTCTCAT-3’, THBS1 forward, 
5'-CGGTCCAGACACGGACCTGC-3’ and THBSI reverse 5'-GGCTTTGG 
TCTCCCGCGCTT-3’, GAPDH forward, 5'-GGCTCTCCAGAACATCATCC 
CTGC-3' and GAPDH reverse, 5'-GGGTGTCGCTGTTGAAGTCAGAGG -3’. 
qRT-PCR was performed using a 7900HT Fast Real Time PCR System (Applied 
Biosystems). 

Generation of constitutive MITF-expressing melanoma cell lines. pcDNA4.1- 
HisMax-hMITF (wild type, E318K or K182R/K316R) and pEGFP-Cl (for selec- 
tion with G418) were transfected into the UACC62 melanoma cell line. After 5 
days of selection with G418, total RNA was collected and MITF target gene 
transcript levels assessed by quantitative RT-PCR using the Pfaffl method*. 
Expression profiling and analysis. Biotinylated cRNA was prepared with the 
Illumina TotalPrep RNA Amplification Kit (Ambion). Labelled cRNA was 
hybridized to HumanHT-12 v4 BeadChip Arrays (Illumina), and then washed 
and scanned according to standard Illumina protocols. Data were extracted in 
GenomeStudio (Illumina) using default analysis settings and no normalization 
method. Resulting data were imported into GeneSpring GX v11.5 (Agilent 
Technologies). Expression values were normalized using quantile normalization 
with default settings. 

Entities at least 1.5 fold up- or downregulated following induction of either 
wild-type or E318K MITF were determined (C32 wild type, 491; C32 E318K, 705; 
HT 144 wild type, 273; HT 144 E318K, 450). Targets similarly up-or downregulated 
only by E318K and not wild-type MITF in both of the melanoma cell lines were 
identified using Venn diagram (1 = 16 entities). Also targets similarly up- or 
downregulated only by wild-type and not E318K MITF in both of the melanoma 
cell lines were identified using Venn diagram (n = 2 entities). Entities similarly up- 
or downregulated by induction of wild-type and E318K MITF were identified 
(C32 wild type and E318K, 244; HT144 wild type and E318K, 150), and those 
targets consistently differentially expressed in both of the cell lines identified by 
Venn diagram (n = 43 entities representing 37 gene products). 

NCBI GEO (http://www.ncbi.nlm.nih.gov/geo/) accession numbers are as fol- 
lows: GEO Series reference, GSE31269; GSM774914 HT 144 wild-type uninduced; 
GSM774915 HT144 wild-type 48h induced; GSM774916 HT144 E318K 
uninduced; GSM774917 HT 144 E318K 48 h induced; GSM774918 C32 wild-type 
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uninduced; GSM774919 C32 wild-type 48h induced; GSM774920 C32 E318K 
uninduced; GSM774921 C32 E318K 48h induced. 

Melanin quantification assay. Melanin levels were determined” after 72 h induc- 
tion of wild-type or E318K MITF, and normalized to amounts in uninduced 
control cells. Values are from duplicate readings from triplicate independent 
experiments. 


31. Kefford, R. F., Salmon, J., Shaw, H. M., Donald, J. A. & McCarthy, W. H. Hereditary 
melanoma in Australia. Variable association with dysplastic nevi and absence of 
genetic linkage to chromosome 1p. Cancer Genet. Cytogenet. 51, 45-55 (1991). 

32. Nancarrow, D. J. et al. Linkage mapping of melanoma (MLM) using 172 
microsatellite markers. Genomics 14, 939-947 (1992). 

33. Harland, M. etal. Germline mutations of the CDKN2 gene in UK melanoma families. 
Hum. Mol. Genet. 6, 2061-2067 (1997). 

34. Harland, M. et al. Mutation screening of the CDKN2A promoter in melanoma 
families. Genes Chromosom. Cancer 28, 45-57 (2000). 

35. Harland, M., Mistry, S., Bishop, D. T. & Bishop, J. A. A deep intronic mutation in 
CDKNZAA is associated with disease in a subset of melanoma pedigrees. Hum. Mol. 
Genet. 10, 2679-2686 (2001). 

36. Baxter, A.J. etal. The Queensland Study of Melanoma: environmental and genetic 
associations (Q-MEGA); study design, baseline characteristics, and repeatability of 

phenotype and sun exposure measures. Twin Res. Hum. Genet. 11, 183-196 

(2008). 

37. Cust,A.E. etal. Population-based, case-control-family design to investigate genetic 

and environmental influences on melanoma risk: Australian Melanoma Family 

Study. Am. J. Epidemiol. 170, 1541-1554 (2009). 

38. McGregor, B. et al. Genetic and environmental contributions to size, color, shape, 

and other characteristics of melanocytic naevi in a sample of adolescent twins. 

Genet. Epidemiol. 16, 40-53 (1999). 

39. Newton-Bishop, J. A. et a/. Melanocytic nevi, nevus genes, and melanoma risk ina 

arge case-control study in the United Kingdom. Cancer Epidemiol. Biomarkers 
Prev. 19, 2043-2054 (2010). 

40. Pooley, K. A. et al Common single-nucleotide polymorphisms in DNA double- 

strand break repair genes and breast cancer risk. Cancer Epidemiol. Biomarkers 

Prev. 17, 3482-3489 (2008). 

41. Pooley, K. A. et al. No association between TERT-CLPTM1L single nucleotide 

polymorphism rs401681 and mean telomere length or cancer risk. Cancer 

Epidemiol. Biomarkers Prev. 19, 1862-1865 (2010). 

42. Genome-wide association study of 14,000 cases of seven common diseases and 

3,000 shared controls. Nature 447, 661-678 (2007). 

43. Pavey, S. et al. Microarray expression profiling in melanoma reveals a BRAF 

mutation signature. Oncogene 23, 4060-4067 (2004). 

44. Strauch, K. Parametric linkage analysis with automatic optimization of the disease 

model parameters. Am. J. Hum. Genet. 73 (Suppl. 1), A2624 (2003). 

45. Pfaffl, M.W.A new mathematical model for relative quantification in real-time RT- 

PCR. Nucleic Acids Res. 29, e45 (2001). 

46. Oancea, E. et al. TRPM1 forms ion channels associated with melanin content in 
melanocytes. Sci. Signal. 2, ra21 (2009). 


©2011 Macmillan Publishers Limited. All rights reserved 


| sid ial Be 8 


Alternatively activated macrophages produce 
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All homeotherms use thermogenesis to maintain their core body 
temperature, ensuring that cellular functions and physiological 
processes can continue in cold environments’ ”. In the prevailing 
model of thermogenesis, when the hypothalamus senses cold tem- 
peratures it triggers sympathetic discharge, resulting in the release 
of noradrenaline in brown adipose tissue and white adipose tissue*”. 
Acting via the [3-adrenergic receptors, noradrenaline induces 
lipolysis in white adipocytes®, whereas it stimulates the expression 
of thermogenic genes, such as PPAR-y coactivator 1a (Ppargcla), 
uncoupling protein 1 (Ucp1) and acyl-CoA synthetase long-chain 
family member 1 (AcsI1), in brown adipocytes’. However, the 
precise nature of all the cell types involved in this efferent loop is 
not well established. Here we report in mice an unexpected require- 
ment for the interleukin-4 (IL-4)-stimulated program of alternative 
macrophage activation in adaptive thermogenesis. Exposure to cold 
temperature rapidly promoted alternative activation of adipose 
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tissue macrophages, which secrete catecholamines to induce ther- 
mogenic gene expression in brown adipose tissue and lipolysis in 
white adipose tissue. Absence of alternatively activated macro- 
phages impaired metabolic adaptations to cold, whereas admin- 
istration of IL-4 increased thermogenic gene expression, fatty 
acid mobilization and energy expenditure, all in a macrophage- 
dependent manner. Thus, we have discovered a role for alternatively 
activated macrophages in the orchestration of an important 
mammalian stress response, the response to cold. 

Mice housed at the thermoneutral temperature of 30°C do not 
require adaptive thermogenesis, whereas those housed in colder environ- 
ments depend on brown adipose tissue (BAT) thermogenesis to main- 
tain their body temperature’’. Thus, to understand the relationship 
between temperature and macrophage activation, we profiled the 
status of BAT and white adipose tissue (WAT) macrophages in mice 
chronically housed at 30°C (thermoneutrality), 22°C (normal 


Figure 1 | Exposure to cold environment induces 
alternative activation of adipose tissue 
macrophages. a, b, Real-time PCR analysis of 
markers of alternative and classical activation in 
BAT (a) and WAT (b) of wild-type (WT) mice 
chronically housed at 30 °C, 22 °C, or acutely 
subjected to a 4 °C challenge from 22 °C (n = 4 per 
temperature). Expression of all genes is normalized 
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to their relative expression at 30 °C in wild-type 
mice. c-e, Expression of alternative activation 
markers Argl, CD206 and CD301 was monitored 
by flow cytometry in BAT (c, d) and WAT 
es (e) macrophages of wild-type, 114." /1113‘~ and 
sid Stato '~ mice housed at 30°C, 22°C and 4°C 
(n = 4-5 per genotype and temperature). MFI, 
median fluorescence intensity. f, Alternative 
activation of tissue macrophages was monitored at 
22°C and 4°C by quantifying expression of 
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housing temperature), or after an acute challenge to 4°C. Gene 
expression profiling revealed a progressive increase in the expression 
of alternative activation messenger RNAs'””’, including Argl, Mrc1 
and Clec10a, in BAT and WAT of mice exposed to colder temperatures 
(Fig. 1a, b). In contrast, expression of classical activation markers was 
unchanged by cold exposure (Fig. la, b). This correlation between 
alternative macrophage activation and exposure to colder environ- 
ments was further verified using flow cytometry. In wild-type mice, 
exposure to progressively lower temperatures increased expression of 
CD206 (encoded by Mrc1), CD301 (Clec10a) and arginase 1 (Arg!) 
proteins in BAT and WAT macrophages (Fig. lc-e and Sup- 
plementary Fig. la-f). Notably, disruption of IL-4/IL-13 signalling, 
as in 1/4/1113 -'~ and Stato ‘~ mice'*, completely abrogated the 
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cold-induced increase in alternative activation of BAT and WAT 
macrophages, as assessed by expression of CD206, CD301 and Arg 
(Fig. lc-e and Supplementary Fig. la—f). This was a specific defect in 
cold-induced alternative activation because loss of IL-4/IL-13 signal- 
ling did not introduce a classical activation bias in BAT and WAT 
macrophages (Supplementary Fig. 2a—d). Finally, acute exposure of 
mice to 4°C failed to induce alternative macrophage activation in 
other tissues, including skeletal muscle and liver (Fig. 1f), indicating 
that BAT and WAT alternative activation is an adaptive response for 
acclimation to cold. 

To investigate the importance of alternative macrophage activation 
in cold-induced thermogenesis, we challenged mice lacking alterna- 
tively activated macrophages to cold temperatures. Unlike wild-type 
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Figure 2 | Cold-induced metabolic adaptations require alternatively 
activated macrophages. a, Core body temperature of wild-type, [14 _'~/ 
1113 ‘~ and Stato ‘~ mice during a cold challenge at 4 °C (n = 8 per genotype 
and temperature). b, c, Real-time PCR analysis of thermogenic genes in BAT of 
wild-type, [14-'~/1113~'~ and Stato '~ mice housed at 30 °C, 22°C or 
subjected to 4°C cold challenge (n = 4—5 per genotype and temperature). 
Expression of all genes is normalized to their relative expression at 30°C in 
wild-type mice. d, Expression of alternatively activated mRNAs in BAT of 
T4ra?™” and [l4ra’?""? LysmC* mice housed at various temperatures 
(n = 5 per genotype and temperature). e, Core body temperature of 
T4rat?? and [4ra“?*?"-*P Lysm@* mice during exposure to 4 °C (n = 5-6 
per genotype and temperature). f, BAT of [4ra’?'"™? and 

Tl4ra'*P/P TL ysmC"* mice was analysed by real-time PCR for expression of 
thermogenic and f-oxidation genes (n = 5 per genotype and temperature). 
Expression of all genes is normalized to their relative expression at 30 °C in 
14rakP? mice. g, Serum free fatty acid (FFA) levels in wild-type, 4'"/ 
1113-'~ and Stato '~ mice housed at 30 °C, 22°C and 4°C (n = 5-8 per 


genotype). h, Serum FFAs in [4ra’P"™? and I4ra’?/ LysmC"* mice 
housed at the three temperatures (n = 5-11 per genotype). i, Representative 
gross and microscopic (haematoxylin and eosin staining) histology of BAT 
from wild-type, 1l4-'~/1113-/~ and Stato ‘~ mice at 22 °C and after exposure 
to 4 °C for 6h. j, Representative gross and microscopic (haematoxylin and eosin 
staining) histology of BAT from I/4ra’?’"™? and [4rabP'™F LysmC* mice 
at 22 °C and after 6 h exposure to 4 °C. k, Immunoblot analysis for serine- 
phosphorylated perilipin, total perilipin, serine-phosphorylated HSL and total 
HSL in 3T3-L1 adipocytes treated with PIA (N6-phenylisopropyl adenosine), 
CL-316243 (CL), IL-4 or macrophage conditioned medium (with/without IL-4 
and AMPT (a-methyl-p-tyrosine)) for 15 min. 1, Glycerol release by 3T3-L1 
adipocytes after 6-h treatment with PIA, CL-316243, IL-4 or macrophage 
conditioned medium (n = 5-7). *P < 0.05, **P < 0.01, ***P < 0.001 
compared to comparison between wild-type or I4ra‘°*?""°*? mice at 30 °C and 
those at 22°C, or at 22°C and 4°C. +P < 0.05, ++P< 0.01, t##P < 0.001 
comparison between knockouts and wild-type or [l4ra’°*?’"*? mice at the 
same temperature. All data are presented as mean + s.e.m. 
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mice, 114~/~/Il113~'~ and Stato ‘~ mice showed a drop in core body 
temperature when exposed to temperatures of 4 °C (Fig. 2a). In wild- 
type mice, to counteract the change in environmental temperature, 
thermogenic genes (Ppargcla and Ucp1) and the B-oxidation genes 
(Acox1 and Acsl1) were induced in BAT. This induction of thermo- 
genic genes was blunted in BAT of I/4-‘~/Il13"'~ and Stat6 ‘~ mice 
(Fig. 2b, c). To determine whether the observed defects in cold- 
induced thermogenesis were a direct consequence of the loss of alter- 
natively activated macrophages, we disrupted IL-4/IL-13 signalling in 
myeloid cells by breeding conditional [/4ra’°"’""*” with Lysm“* 
mice’, BAT macrophages in Il4ra‘"""? Lysm“* mice displayed 
impairment in alternative activation at 22 °C and 4 °C (Fig. 2d), which 
was sufficient to render mutant mice susceptible to cold-induced 
hypothermia (Fig. 2e). [4ra’*?""*P LysmC* mice also showed defects 
in expression of cold-inducible thermogenic genes, including Ucp1, 
Acox1, Acsl1 and Ppargcla (Fig. 2f). Comparable results were obtained 
in a second model when macrophages were pharmacologically depleted 
in BAT using clodronate-containing liposomes (Supplementary Fig. 
3a-e), which selectively deplete tissue macrophages and circulating 
monocytes but not neutrophils (Supplementary Fig. 4a, b). Moreover, 
expression of skeletal muscle mitochondrial genes implicated in ther- 
mogenesis was unaltered (Supplementary Fig. 5a), indicating a primary 
defect in non-shivering thermogenesis. Serum triglyceride levels and 
expression of lipogenic genes in liver were similarly unchanged across 
the genotypes and temperatures (Supplementary Table 1 and Sup- 
plementary Fig. 5b). Finally, defects in cold-induced thermogenesis 
were also observed in Stat6/~ mice on the C57BL/6J background 
(Supplementary Fig. 5c, d). 

During cold exposure, -adrenergic signalling in white adipocytes 
stimulates the release of free fatty acids to fuel uncoupled respiration in 
BAT"®. Because WAT macrophages also undergo alternative activa- 
tion upon cold challenge (Fig. 1b, e), we examined whether a defect in 
alternative macrophage activation was associated with impaired 
release of free fatty acids. Indeed, compared to wild-type mice, cir- 
culating levels of free fatty acids were reduced by ~75% in 14/1113 '~ 
and Stato ‘~ mice (Fig. 2g). Serum free fatty acid levels were similarly 


reduced by ~65% in Il4ra’P/"? Lysm“* mice at 4°C (Fig. 2h). 
Consistent with reduced release of fatty acids, gross and microscopic 
histology revealed that all mutant mice impaired in alternative macro- 
phage activation had exhausted their lipid stores in BAT (Fig. 2i, j). 
Correspondingly, mice deficient in IL-4/IL-13 signalling or alterna- 
tively activated macrophages lost less weight during the cold challenge 
(Supplementary Table 1). 

To explore whether factors released by alternatively activated 
macrophages work in trans to stimulate lipolysis of stored triglycerides, 
we used differentiated 3T3-L1 cells to study triglyceride lipolysis in 
vitro. Treatment of adipocytes with conditioned medium from alter- 
natively activated macrophages induced phosphorylation of perilipin 
and hormone sensitive lipase (HSL), lipases that are phosphorylated by 
protein kinase A in response to adrenergic signalling (Fig. 2k)’. The 
phosphorylation of perilipin A releases CGI-58, allowing it to interact 
with Pnpla2 to enhance the lipolysis of stored triglycerides'*'”. Indeed, 
paralleling the increase in perilipin phosphorylation, triglyceride lipo- 
lysis, as quantified by glycerol release, was increased by ~4.5-fold in 
adipocytes treated with conditioned medium from alternatively acti- 
vated macrophages (Fig. 21). No significant increase in phosphoryla- 
tion of perilipin, HSL, or triglyceride lipolysis was observed when 
adipocytes were exposed to conditioned medium from Stato ‘~ 
macrophages (Fig. 2k, 1). Together, these data indicate that alterna- 
tively activated macrophages coordinate the thermogenic response 
during cold exposure by increasing the thermogenic capacity of BAT 
and mobilizing fatty acids to fuel uncoupled respiration. 

The requirement for alternatively activated macrophages in fatty acid 
mobilization and thermogenic gene induction prompted us to investi- 
gate whether WAT and BAT macrophages might be an important 
source of catecholamines. In this regard, catecholamine production 
by classically activated macrophages has previously been shown to 
promote inflammation-induced injury'*’’. Intracellular staining for 
tyrosine hydroxylase (Th), dopa decarboxylase (Ddc) and dopamine 
B-hydroxylase (Dbh) revealed that all three catecholamine-synthesizing 
enzymes were induced in macrophages upon stimulation with IL-4 
(Supplementary Fig. 6a-f). This induction was a bona fide part of 
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Figure 3 | Alternatively activated macrophages produce catecholamines. 

a, Expression of tyrosine hydroxylase in wild-type and Stato’ '~ peritoneal 
macrophages treated with vehicle (Veh.) or IL-4 (n = 5 per genotype and 
condition). b, Noradrenaline secretion by wild-type and Stato ‘~ bone- 
marrow-derived macrophages stimulated with IL-4 or LPS (n = 5 per genotype 
and condition). c, e, Tyrosine hydroxylase expression in BAT (c) and WAT 
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(e) macrophages of wild-type and Stato’ ‘~ mice at 30 °C, 22 °Cand4°C(n=5 
per genotype and temperature). d, f, Noradrenaline content of BAT (d) and 
WAT (f) at 22 °C and 4 °C of wild-type and Stat6 '~ mice (n = 4-5 per 
genotype and temperature). *P < 0.05, **P < 0.01, ***P < 0.001 compared to 
wild type. tP < 0.05, t*P < 0.01, TT +P < 0.001 compared to wild type with IL- 
4 at 4°C samples. All data are presented as mean + s.e.m. 
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alternative activation because IL-4 failed to induce Th, the rate-limiting 
step in the synthesis of catecholamines”, in macrophages lacking 
STAT6 (Fig. 3a and Supplementary Fig. 6g). Congruent with this, 
stimulation of macrophages with IL-4, but not lipopolysaccharide 
(LPS), increased secretion of noradrenaline and adrenaline into the 
culture medium in a STAT6-dependent manner (Fig. 3b and Sup- 
plementary Fig. 7a). Furthermore, treatment of wild-type macro- 
phages with o-methyltyrosine, a specific inhibitor of tyrosine 
hydroxylase’*, inhibited secretion of noradrenaline into the culture 
medium and abrogated its lipolytic activity on cultured adipocytes 
(Fig. 2k and Supplementary Fig. 7b, c). 

Next, we examined catecholamine synthesis by adipose tissue macro- 
phages. At thermoneutrality (30 °C), expression of Th in BAT and WAT 
macrophages was the lowest (Fig. 3c, e). Th expression progressively 
increased as mice were exposed to colder temperatures (Fig. 3c, e), and 
was restricted to Ly6C’°""“CD301° alternatively activated BAT and 
WAT macrophages (Supplementary Fig. 8a, b). Consistent with this, 
loss of IL-4/IL-13 signalling abrogated cold-induced expression of Th 
in BAT and WAT macrophages (Fig. 3c, e) and reduced noradrenaline 
content of these adipose tissues by ~50-60% in I14~/~/Il13-’~ and 
Stato'~ mice (Fig. 3d, f and Supplementary Table 2). This decrease 
in BAT and WAT catecholamine content was a direct consequence of 
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Figure 4 | Alternative activation of macrophages increases energy 
expenditure. a, b, Expression of alternative activation marker CD301 (a) and 
Th (b) in adipose tissue macrophages from [l4ra’?/"°*? and 

T4ra’P? LysmC* mice treated with vehicle (Veh.) or IL-4 for 6h at 22°C 
(n = 4-5 per genotype and condition). c, Real-time PCR for thermogenic genes 
in BAT of [l4ra’P'*” and Il4ra’?/" LysmC™ mice treated with Veh. or IL- 
4 for 6 h at 22 °C (n = 4-5 per genotype and condition). d, Serum free fatty acid 
(FEA) levels in 1/4rat?'"” and [4ra'°?! ToxPLysmOre mice treated with Veh. 
or IL-4 for 6h at 22 °C (n = 4-5 per genotype and condition). 

e, f, Quantification of energy expenditure in T4ragh Lo? and 
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loss of alternative activation because similar changes were observed in 
Tl4ra’?""P Lysm mice. Specifically, cold exposure failed to induce 
Th protein in BAT and WAT macrophages (Supplementary Fig. 9a, c), 
resulting in a 70-80% reduction of noradrenaline content in BAT and 
WAT of Il4ra’?' LysmC"* mice (Supplementary Fig. 9b, d). In con- 
trast, catecholamine content of serum and other tissues was unaffected 
(Supplementary Table 3). Finally, IL-4 stimulation of primary human 
monocytes or U937 cells enhanced their alternative activation, 
catecholamine production and lipolytic activity on adipocytes, 
suggesting conservation of these pathways across species (Supplemen- 
tary Fig. 10a-h). 

These data prompted us to investigate whether the B3-adrenergic 
agonist CL-316243 can rescue the thermogenic defect in []4 ° / 
1113 '~ mice", Indeed, a single injection of CL-316243 increased core 
body temperature and thermogenic gene expression in []4~/~/Il13-/~ 
mice (Supplementary Fig. 11a, b). The restoration of core body tem- 
perature by CL-316243 also normalized weight loss and BAT histology 
in 114-'~/1113-'~ mice housed at 4°C (Supplementary Fig. 11c-e), 
including the reappearance of lipid droplets in brown adipocytes. 
The increased accumulation of lipid droplets probably resulted from 
enhanced mobilization of free fatty acids and induction of lipogenic 
genes, such as Lpl, Hmgcs1 and Dgat1, in BAT of 1/4‘ /Il13-’~ mice 
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treated with CL-316243 (Supplementary Figs 11f, g and 12a, b). Hence, 
alternatively activated macrophages are an unexpected source of nor- 
adrenaline that sustains the metabolic adaptation to cold. 

A hallmark of cold-induced thermogenesis is an increase in 
uncoupled respiration and energy expenditure by noradrenaline’®. 
Because we observed that IL-4 driven alternatively activated macro- 
phages release noradrenaline in BAT and WAT in response to cold, 
we next examined the metabolic effects of IL-4 in wild-type mice. 
Injection of IL-4 induced alternative activation and Th expression in 
BAT and WAT macrophages (Supplementary Fig. 13a, b). As expected, 
the strongest effects of IL-4 were observed at thermoneutrality, when 
basal alternative activation and Th expression was lowest. However, 
administration of IL-4 was sufficient to augment alternative activation 
and Th expression in mice housed at 22 °C and 4°C (Supplementary 
Fig. 13a, b). Concomitant with the induction of alternative activation, 
noradrenaline content and thermogenic gene expression in BAT, as 
well as fatty acid levels in serum, increased after administration of IL- 
4 (Supplementary Fig. 13c-e). Finally, administration of IL-4 enhanced 
expression of Th in alternatively activated macrophages taking res- 
idence in other tissues, including liver, spleen, lung and bone marrow 
(Supplementary Figs 14a-f and 15a, b), albeit to a much lower degree 
than Th expression in BAT and WAT macrophages. 

We next investigated whether acute administration of IL-4 to adapted 
animals could enhance oxygen consumption in a macrophage-dependent 
manner. As shown in Fig. 4a, administration of IL-4 promoted alterna- 
tive activation of BAT and WAT macrophages in [/4ra’*"/'*? mice but 
not [4ra’?""*P Lysm“* mice. This was accompanied by an increase in 
expression of Thin BAT and WAT macrophages, resulting in induction 
of thermogenic genes and release of free fatty acids (Fig. 4b-d). 
Furthermore, quantification of energy expenditure revealed that injec- 
tion of IL-4 rapidly increased oxygen consumption in [/4ra’"’""" but 
not [4ra\°*P/*P LysmC* mice (Fig. 4e). Importantly, consistent with a 
shift from carbohydrate to fatty acid metabolism, administration of 
IL-4 decreased the respiratory exchange ratio (RER) in [4ra'?/1o*P 
mice (Fig. 4f). These changes in energy expenditure were independent 
of alterations in locomotor activity (Supplementary Fig. 15c). 
Furthermore, in wild-type mice, the stimulatory effect of IL-4 on energy 
expenditure showed a marked dependence on macrophages, as IL-4 
failed to raise oxygen consumption or decrease RER in mice treated 
with clodronate-containing liposomes (Fig. 4g, h and Supplementary 
Fig. 15d). These findings provide direct evidence that actions of alter- 
natively activated macrophages in BAT and WAT orchestrate the meta- 
bolic programs that constitute adaptive thermogenesis. 

The data presented here show that alternatively activated macro- 
phages participate in vivo in the regulation of adaptive and facultative 
aspects of non-shivering thermogenesis. In a macrophage-dependent 
manner, the administration of IL-4 raises energy expenditure in a 
facultative manner, whereas adaptation to lower temperatures is asso- 
ciated with polarization of BAT and WAT macrophages to the alterna- 
tive state. Moreover, the secretion of noradrenaline by alternatively 
activated macrophages allows these cells to coordinate the thermogenic 
response in animals experiencing cold stress. Thus, we propose that, in 
addition to the sympathetic nerves, cells of the haematopoietic system, 
such as alternatively activated macrophages, constitute a second, parallel 
circuit for controlling non-shivering thermogenesis. 


METHODS SUMMARY 


Male mice, 8-12 weeks old, were used in all experiments. Breeding pairs of wild- 
type and Stat6 '~ miceona BALB/c] background were purchased from the Jackson 
Laboratory, and 14/113”, T4rabeP-? and Lysm** mice on the BALB/cJ 
background were obtained from the Locksley or Brombacher laboratories. For cold 
challenge experiments, mice were fed ad libitum and individually housed in cages 
that had been pre-chilled at 4°C (ref. 8). Core body temperature was monitored 
hourly by a rectal temperature probe (Physitemp). For the thermoneutrality experi- 
ments, mice were adapted to 30°C in a laboratory incubator (Darwin Chambers) 
for 2-4 weeks before experimentation. For rescue experiments, the B3-adrenergic 
agonist CL-316243 (Sigma) was injected intraperitoneally at 0.1 mgkg * 30 min 
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before the cold challenge. Tissues were collected at the end of a 6-h cold challenge, 
and processed for RNA and protein analyses. To deplete macrophages, mice were 
injected intraperitoneally with two doses of clodronate-containing or empty lipo- 
somes (400 tl and 100 ul at 24h and 30min, respectively, before initiation of 
experiment)”. Depletion was confirmed by flow cytometric analysis of monocytes 
and macrophages in blood, adipose tissues and spleen. Cohorts of =4 mice per 
genotype or treatment were assembled for all in vivo studies, which were repeated 
2-3 independent times. All data are presented as mean = s.e.m. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Animals and in vivo studies. Male mice, 8-12 weeks old, were used in all experi- 
ments. Breeding pairs of wild-type and Stato /~ mice on a BALB/cJ background 
were purchased from the Jackson Laboratory, and 14/7113", Ma4rahoPo? 
and Lysm“ mice on the BALB/cJ background were obtained from the Locksley or 
Brombacher laboratories. For cold challenge experiments, mice were fed ad libitum 
and individually housed in cages that had been pre-chilled at 4 °C (ref. 8). Core body 
temperature was monitored hourly by a rectal temperature probe (Physitemp). 
For the thermoneutrality experiments, mice were adapted to 30 °C ina laboratory 
incubator (Darwin Chambers) for 2-4 weeks before experimentation. For 
rescue experiments, the B3-adrenergic agonist CL-316243 (Sigma) was injected 
intraperitoneally at 0.1 mgkg~' 30 min before the cold challenge. Tissues were 
collected at the end of a 6-h cold challenge, and processed for RNA and protein 
analyses. To deplete macrophages, mice were injected intraperitoneally with two 
doses of clodronate-containing or empty liposomes (400 kl and 100 pl at 24h and 
30 min, respectively, before initiation of experiment)”. Depletion was confirmed 
by flow cytometric analysis of monocytes and macrophages in blood, adipose 
tissues and spleen. Cohorts of =4 mice per genotype or treatment were assembled 
for all in vivo studies, which were repeated 2-3 independent times. 

Flow cytometry and immunoblot analysis. Adipose tissues were minced and 
digested with collagenase I (3 mg ml ', Worthington) for 45 min at 37°C in a 
shaker (400 r.p.m.). The digested cell suspension was centrifuged at 1,600 r.p.m. 
for 5 min to separate stromal-vascular fraction from adipocytes. Pelleted cells were 
re-suspended in FACS buffer (PBS containing 5% FBS and 1% L-glutamine) and 
passed through a 40 um strainer (BD Biosciences) to remove large cellular debris. 
Antibodies directed against mouse CD3, B220, Ly6G, CD45, CD49b, CD11c and 
F4/80 (Biolegend), Siglec F (BD Biosciences), FcéR1 (eBioscience), tyrosine 
hydroxylase (Origene), Ly6C, dopamine B-hydroxylase and dopa decarboxylase 
(Abcam), arginase-1 (Santa Cruz Biotech), and anti-rabbit and anti-mouse IgG 
(Invitrogen) were used for flow cytometric analysis. Samples were stored in FACS 
buffer with 1% paraformaldehyde at 4°C before analysis. Data was acquired on 
LSRII (BD Biosciences) and data analysis was performed using FlowJo (Treestar). 
For analysis of mitochondrial proteins in muscle, soleus muscle from mice housed 
at 22 °C and 4 °C was lysed using TissueLyser II (Qiagen), and antibodies directed 
against Cox] (Invitrogen) or Cpt1b (Alpha Diagnostic International) were used to 
detect mitochondrial proteins. 

Macrophage culture and stimulation. Bone-marrow-derived macrophages 
(BMDMs) were cultured as previously described”. Classical or alternative activa- 
tion was induced in BMDMs by stimulation with LPS (10ng ml!) or IL-4 
(10 ng ml ') for 24h, respectively. Macrophages were elicited into the peritoneal 
cavity by injection of thioglycollate (3 ml, BD Biosciences). To promote alternative 
activation of elicited macrophages, mice were given a single injection of IL-4 (2 1g) 
complexed to anti-IL-4 antibody (101g) 3 days after injection of thioglycollate, 
and elicited macrophages were recovered 24h later. After washing two times, 
elicited macrophages were cultured in low glucose (LG)-DMEM with 3% BSA 
and macrophage-conditioned medium was collected 24 h later. Human monocytes, 
which were isolated from whole blood by magnetic purification with CD14 
microbeads (Miltenyi Biotech), and the human macrophage cell line U937 were 
cultured in RPMI with 5% FBS and 1% L-glutamine and stimulated with LPS 
(10 ng ml ') or IL-4 (10 ng ml!) for 24h to induce classical or alternative activa- 
tion, respectively. Conditioned media was collected and supplemented with 3% 
BSA for lipolysis assays. In some experiments, o%-methyl-p-tyrosine (AMPT, 
2 mM, Sigma) was added to cultured macrophages to inhibit tyrosine hydroxylase. 
Quantitative RT-PCR. Tissues were homogenized in Trizol (Invitrogen) and 
total RNA was isolated using the RNeasy kit (Qiagen) and used as template for 
cDNA synthesis (Origene). Quantitative PCR reactions were carried out in trip- 
licate using the CFX384 real-time PCR detection system (Bio-Rad). Relative 
expression level of mRNAs was calculated by the comparative threshold cycle 
method using 36B4 as an internal control**. The following primers were used in 
these studies: J/1 forward 5'-GAAGAAGAGCCCATCCTCTG-3’, reverse 
5'- TCATCTCGGAGCCTGTAGTG-3’; [16 forward 5'-AGTCCGGAGAGGA 
GACTTCA-3’, reverse 5’-TTGCCATTGCACAACTCTTT-3’; Acsll forward 
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5'-TGGGGTGGAAATCATCAGCC-3’, reverse 5’-CACAGCATTACACACTG 
TACAACGG-3’; Acox forward 5'-GGTGGACCTCTGTCTTGTTCA-3’, reverse 
5'-AAACCTTCAGGCCCAAGTGAG-3'; Ucp1 forward 5’-GTGAAGGTCA 
GAATGCAAGC-3', reverse 5’-AGGGCCCCCTTCATGAGGTC-3’; Ppargcla 
forward 5'-CAACATGCTCAAGCCAAACCAACA-3’, reverse 5'-CGCTCAAT 
AGTCTTGTTCTCAAATGGG-3’; Tnf forward 5’-CCAAGGCGCCACATC 
TCCCT-3’, reverse 5'-GCTTTCTGTGCTCATGGTGT-3’; Nos2 forward 
5'-ACCTTGGTGAAGGGACTGAG-3’, reverse 5’-TCCGTTCTCTTGCAGTT 
GAC-3'; Argl forward 5'-AGACCACAGTCTGGCAGTTG-3’, _ reverse 
5'-CCACCCAAATGACACATAGG-3’; Mrc1 forward 5'-TGATTACGAGCAG 
TGGAAGC-3’, reverse 5'-GTTCACCGTAAGCCCAATTT-3’; Clec10a forward 
5'-CTCTGGAGAGCACAGTGGAG-3’, reverse 5’-ACTTCCGAGCCGTTGT 
TCT-3’; 36B4 forward 5’-GAGACTGAGTACACCTTCCCAC-3’, reverse 
5'-ATGCAGATGGATCAGCCAGG-3’. 

Catecholamines and lipids. Catecholamines (Rocky Mountain Diagnotics), free 
fatty acids (Biovision) and glycerol (Abcam) were quantified in duplicate as per the 
manufacturers’ protocols. For catecholamine ELISAs, tissues were homogenized 
by sonification in homogenization buffer (1 N HCl, 0.25 M EDTA, 1 M Na,S,Os), 
and cellular debris was pelleted by centrifugation at 13,000 r.p.m. for 15 min at 
4°C. The cleared homogenates were collected and stored at — 80 °C before quan- 
tification. All samples were normalized to total tissue protein concentration. 
Adipocyte differentiation and lipolysis. The 3T3-L1 pre-adipocytes were grown 
in high glucose Dulbecco’s modified Eagle’s medium (HG-DMEM) supplemented 
with BCS (10%). Two days after confluence, differentiation was induced with 
insulin (10 pg ml '), dexamethasone (1 uM), and 3-isobutyl-1-methylxanthine 
(0.5 mM) in HG-DMEM containing FBS (10%). All subsequent media changes 
(every 2 days) were performed using HG-DMEM supplemented with FBS (10%) 
and insulin (10 pg ml‘). For the lipolysis studies, differentiated adipocytes were 
cultured in low glucose (LG)-DMEM supplemented with BSA (3%) for 16 h before 
stimulation with vehicle, CL-316243 (1 1M), IL-4 (10ng ml ') or macrophage 
conditioned medium for 15min or 6h to quantify phospho-HSL, phospho- 
perilipin or glycerol release, respectively. Basal lipolysis was quantified in the 
presence of N6-phenylisopropyl adenosine (PIA, 1 4M). Glycerol release into 
the culture medium was quantified using the Free Glycerol Assay Kit (Abcam). 
For immunoblot analysis, treated adipocytes were lysed in lysis buffer (20 mM 
Tris-HCl, pH7.5, 100mM KCl, 0.1% Nonidet P-40, 1mM EDTA, and 10% 
glycerol containing 1 mM phenylmethylsulphony] fluoride, 1% protease inhibitor 
cocktail and 1% phosphatase inhibitor cocktails I/II) for 30 min at 4°C. Total 
cellular protein extracts were separated on SDS-polyacrylamide gel electrophoresis, 
transferred to nitrocellulose membrane (Bio-Rad), and incubated with antibodies 
directed against HSL, serine-660 phosphorylated HSL (Cell Signaling), perilipin, or 
serine-552-phosphorylated perilipin (Vala Sciences). After incubation with the 
appropriate secondary antibodies, proteins were detected with SuperSignal West 
Pico Chemiluminescent Substrate (Thermo Scientific). 

Energy expenditure. Oxygen consumption, RER and activity were quantified in 
12-week-old male mice of various genotypes fed ad libitum using CLAMS 
(Columbus Instruments). Following acclimatization to CLAMS cages for 48h, 
mice were given an intraperitoneal injection of recombinant IL-4 (45.5 ugke 
body weight) at 11:00. Consumption rates of O2 (VO ) and release of CO, (VCO) 
were monitored for ~8 h every 14 min. Locomotor activity—the number of x-axis 
beam breaks—was monitored every minute. Data was collected during light cycle 
(9:00 to approximately 19:00). 

Statistical analysis. All data are presented as mean + s.e.m. and analysed using 
Prism (Graphpad). Statistical significance was determined using the Student’s 
t-test and two-way analysis of variance test. A P value of <0.05 was considered 
to be statistically significant, and is presented as * (P< 0.05), ** (P < 0.01), or *** 
(P<0.001). 


23. Odegaard, J. |. et a/. Alternative M2 activation of Kupffer cells by PPARSa 
ameliorates obesity-induced insulin resistance. Cell Metab. 7, 496-507 (2008). 

24. Odegaard, J.|.etal. Macrophage-specific PPARy controls alternative activation and 
improves insulin resistance. Nature 447, 1116-1120 (2007). 
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Lyn is a redox sensor that mediates leukocyte wound 


attraction in vivo 


Sa Kan Yoo!, Taylor W. Starnes**, Qing Deng’* & Anna Huttenlocher”? 


Tissue wounding induces the rapid recruitment of leukocytes’. 
Wounds and tumours—a type of ‘unhealed wound’—generate 
hydrogen peroxide (H,O,) through an NADPH oxidase (NOX). 
This extracellular H,O, mediates recruitment of leukocytes, 
particularly the first responders of innate immunity, neutrophils, 
to injured tissue*°. However, the sensor that neutrophils use to 
detect the redox state at wounds is unknown. Here we identify the 
Src family kinase (SFK) Lyn as a redox sensor that mediates initial 
neutrophil recruitment to wounds in zebrafish larvae. Lyn activa- 
tion in neutrophils is dependent on wound-derived H,O, after 
tissue injury, and inhibition of Lyn attenuates neutrophil wound 
recruitment. Inhibition of SFKs also disrupted H,O,-mediated 
chemotaxis of primary human neutrophils. In vitro analysis iden- 
tified a single cysteine residue, C466, as being responsible for direct 
oxidation-mediated activation of Lyn. Furthermore, transgenic- 
tissue-specific reconstitution with wild-type Lyn and a cysteine 
mutant revealed that Lyn C466 is important for the neutrophil 
wound response and downstream signalling in vivo. This is the 
first identification, to our knowledge, of a physiological redox 
sensor that mediates leukocyte wound attraction in multicellular 
organisms. 

Paracrine signalling by H,O, induces neutrophil attraction to 
wounds®. However, what sensor detects H,O, and mediates neutrophil 
recruitment is not known. H,O, can cross cell membranes and in- 
activate tyrosine phosphatases through oxidation of the catalytic 
cysteine”. Cysteine oxidation also regulates protein kinases'?*>. 
We used zebrafish, which are a powerful system to study vertebrate 
immunity®*'*”’, to identify a mechanism by which neutrophils detect 
wound-induced H,0>. While searching for a neutrophil redox sensor, 
we found that SFKs are activated in neutrophils around wounds. We 
detected autophosphorylation of the activation loop tyrosine of SFKs 
at 30 min after tail transection in 3 days post-fertilization (dpf) larvae 
(Fig. la-c). Phosphorylated SFKs showed a punctate appearance at the 
neutrophil leading edge and the autophosphorylation depended on 
wounding (Fig. 1b, c and Supplementary Fig. 2a, b). SFKs maintain 
inhibitory intramolecular interactions in an inactive state, while depho- 
sphorylation of the carboxy-terminal phosphotyrosine releases the 
inhibitory configuration, allowing trans-autophosphorylation of the 
activation loop tyrosine, thereby activating SFKs***. Additionally, 
emerging evidence suggests cysteine redox-mediated regulation of 
SFKs'*°. Several cysteines are implicated in the redox regulation of 
cellular SRC (cSRC)'*"*, but redox regulation of other SFKs is poorly 
understood. 

To investigate whether H,O, is involved in SFK autophosphoryla- 
tion in neutrophils, we inhibited Nox enzymes with diphenyleneiodo- 
nium (DPI)*. DPI attenuated SFK phosphorylation in neutrophils after 
wounding (Supplementary Fig. 2c, d). To distinguish H,O, 
production from neutrophils versus wounds, we used morpholino 
antisense oligonucleotides to interfere with pre-mRNA splicing of dual 
oxidase (duox), which is responsible for H.O2 generation at wounds, 


but not in neutrophils®. Duox knockdown inhibited SFK phosphoryla- 
tion in neutrophils (Fig. 1d, e), indicating that SFK phosphorylation 
depends on the burst of H,O, at wounds. 

We found that treatment with SFK inhibitors impaired early accu- 
mulation of neutrophils at wounds (Fig. 1f, g and Supplementary Figs 
2e, f and 3a, b). We focused on early recruitment of neutrophils to 
wounds at 0.5-1 h after wounding throughout this study, because within 
this timeframe the H,O, burst occurs® (Supplementary Movie 1) and 
neutrophil accumulation is roughly linear’*"’. Addition of the Src kinase 
inhibitor 4-amino-5-(4-chlorophenyl)-7-(dimethylethyl)pyrazolo[3,4- 
d]pyrimidine (PP2) at 1h after wounding did not disturb resolution of 
inflammation, which is mediated by neutrophil reverse migration from 
wounds'*’? (Supplementary Fig. 3c, d). SFK inhibition did not impair 
the HO, burst at wounds (Fig. 1h and Supplementary Movie 1) or 
neutrophil motility in the cephalic mesenchyme’* (Supplementary 
Fig. 2g, h and Supplementary Movie 2). Injection of H2O; into the otic 
cavity, or bath application of HO, after wounding, recruited neutrophils, 
and this was impaired by SFK inhibition (Supplementary Fig. 4a-f). 
Wealso performed an in vitro chemotaxis assay using human neutro- 
phils. Consistent with mouse neutrophils’, H,O, directly attracted 
human neutrophils (Fig. 1i). Two structurally different SFK inhibitors 
impaired chemotaxis to H,O, (Fig. li) whereas SFK inhibition 
enhanced chemotaxis to N-formyl-methionyl-leucyl-phenylalanine 
(fMLP) (Supplementary Fig. 4g). 

To identify specific SFKs that mediate neutrophil wound responses, 
we purified zebrafish myeloid cells by fluorescence-activated cell sort- 
ing (FACS) and performed reverse transcription—polymerase chain 
reaction (RT-PCR)" (Supplementary Fig. 5a). Among the nine SFKs 
in mammals, LYN, FGR and HCK are myeloid-specific””™. Analysis of 
expressed sequence tag (EST) profiles in UniGene (NCBI) suggested 
that lyn, hck, yrk and src might be expressed in zebrafish leukocytes. 
RT-PCR detected lyn in neutrophils and lyn and yrk in macrophages 
(Fig. 2a). In situ hybridization detected lyn mRNA in the caudal 
haematopoietic tissue as well as in the pronephric ducts and neuromasts 
(Fig. 2b). LYN, which is phylogenetically conserved (Supplementary 
Fig. 5b), is expressed in all leukocytes except T lymphocytes in mammals, 
and its deficiency in mice leads to myeloproliferation and autoimmu- 
nity***°. Lyn-deficient neutrophils show an exaggerated response to 
adhesion signals and a weakened response to several chemokines in 
vitro, but the role of LYN in neutrophils in vivo is not clear**”’. To 
knockdown zebrafish Lyn, we designed two morpholinos to target pre- 
mRNA splice sites (Fig. 2c). Both morpholinos attenuated neutrophil 
accumulation at wounds (Fig. 2d). Lyn knockdown increased the 
number of total neutrophils in the caudal haematopoietic tissue (Sup- 
plementary Fig. 5c, d), consistent with the myeloproliferation of 
Lyn-deficient mice**”®. Live imaging demonstrated that Lyn depletion 
impaired neutrophil directional migration towards wounds (Fig. 2e-g 
and Supplementary Movie 3). Macrophage wound attraction was 
inhibited by PP2 or DPI but not Lyn knockdown (Supplementary 
Fig. 6a, b). Lyn knockdown also inhibited neutrophil responses to bath 
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Figure 1 | SFKs mediate neutrophil wound 
responses. a, Diagram of tail-transection in 3 dpf 
zebrafish larvae. Inset shows section seen in 

b. b, Immunofluorescence of phospho-SFK (pSFK; 
phosphorylation of SFK activation loop tyrosine) 
in Tg(mpx:mCherry). mCherry labels neutrophils. 
c, Quantification of fluorescence intensity of pSFK 
in neutrophils (wound: 40 cells (5 larvae); no 
wound: 38 cells (7 larvae)). d, Immunofluorescence 
of pSFK in Tg(mpx:mCherry) with or without duox 
morpholino (MO). Ctrl, control. e, RT-PCR of 
duox mRNA with or without duox morpholino 
(eflx is a loading control) and quantification of 
fluorescence intensity of pSFK in neutrophils 
(control: 110 cells (13 larvae); duox MO: 98 cells 
(19 larvae). f, Neutrophil recruitment to wounds 
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application of H,O, (Supplementary Fig. 7a, b). To investigate specifi- 
city, we used leukotriene B4 (LTB,), which attracts zebrafish neutro- 
phils’’. Bath application of LTB, induced dissemination of neutrophils 
into fins, which was not prevented by either DPI or Lyn knockdown 
(Supplementary Fig. 7c-f and Supplementary Movie 4). Lyn depletion 
also inhibited the wound-induced SFK autophosphorylation in neu- 
trophils (Fig. 2h, i), indicating that Lyn is primarily responsible for SFK 
phosphorylation in neutrophils. 

We proposed that Lyn might be a neutrophil redox sensor that 
detects H,O, at wounds. When we expressed Lyn fused to GFP at its 
C terminus in HEK293 cells, which produce H2O2 via NOX4 (ref. 28), 
phosphorylation of the Lyn activation loop tyrosine was detected 
(Fig. 3a). This autophosphorylation of Lyn partly depended on endo- 
genous reactive oxygen species (ROS), because NOX inhibition by DPI 
decreased Lyn phosphorylation (Fig. 3a, b). Because endogenous ROS 
could also work on phosphatases and other kinases, we took a Lyn- 
specific approach. We created two cysteine mutants, C224A and 
C466A, mutating each cysteine to alanine on the basis of the import- 
ance of the corresponding residues in cSRC’’ and phylogenetic con- 
servation. When expressed in HEK293 cells, C466A had impaired 
autophosphorylation whereas C224A was phosphorylated similarly 
to Lyn wild type (Fig. 3c, d). C466 is located at the C terminus of the 
kinase domain and is phylogenetically conserved (Supplementary 
Fig. 8a). To investigate whether HO, activates Lyn directly through 
C466 oxidation, we performed an in vitro kinase assay. After immuno- 
precipitation of Lyn, we added 15 tM H,O3, which is consistent with 
concentrations that attract neutrophils in vitro’ (Fig. 1i) and in vivo’. 
HO, directly activated Lyn wild type but not C466A (Fig. 3e, f). 
Importantly, C466A was activated by magnesium, which is necessary 
for the kinase reaction with ATP, similarly to wild type (Fig. 3g, h), 
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suggesting that C466 regulates the redox-specific function of Lyn 
rather than the basal activity. We also detected redued cysteines in 
Lyn by biotinylated iodoacetamide (BIAM) labelling’* and found that 
the C466A mutant was slightly but significantly more reduced than 
wild type (Supplementary Fig. 8b, c), which is consistent with the idea 
that Lyn has multiple cysteines that could be oxidized. Because mitogen- 
activated protein kinases (MAPKs) are activated downstream of ROS 
and SFKs”, we investigated the effects of Lyn expression on MAPKs. 
Ectopic expression of Lyn in HEK293 cells, in which Lyn is activated by 
endogenous ROS (Fig. 3a, b), activated ERK (also known as MAPK1) 
but not JNK (also known as MAPK8) or p38 (Supplementary Fig. 8d). 
This Lyn-induced activation of ERK was attenuated in cells expressing 
Lyn C466A compared to Lyn wild type (Supplementary Fig. 8e, f). 
Collectively, our data indicate that HO) directly activates Lyn through 
oxidation of C466, which activates downstream signalling. We 
also found that C468 in human LYN, which corresponds to C466 of 
zebrafish Lyn, has similar functions in regulating LYN autophosphor- 
ylation and oxidation and ERK activation (Supplementary Fig. 9a-e). 

To investigate the importance of Lyn C466 during neutrophil wound 
responses, we established two transgenic zebrafish lines, which express 
Lyn(wild type)-GFP and Lyn(C466A)-GFP at similar levels in neutro- 
phils (Supplementary Fig. 10a—d). We injected lyn morpholino, which 
does not inhibit the transgenes, into these transgenic animals. lyn mor- 
pholino did not inhibit neutrophil accumulation at wounds in trans- 
genic larvae expressing Lyn wild type in neutrophils, although it 
impaired neutrophil recruitment in wild-type clutchmates (Fig. 4a, 
b), indicating that Lyn regulates neutrophil wound responses cell 
autonomously. When we injected lyn morpholino in the transgenic 
line expressing Lyn C466A in neutrophils, Lyn knockdown inhibited 
neutrophil wound responses in the transgenic larvae (Fig. 4c, d). These 
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Figure 2 | Lyn mediates neutrophil wound responses. a, RT-PCR of SFKs. 
c-fms and mpx are markers of macrophages (Mac.) and neutrophils (Neut.), 
respectively, and efla is a loading control. b, In situ hybridization of mpx and 
lyn mRNA. Green arrowheads, pronephric ducts; purple arrows, neuromasts. 
CHT, caudal haematopoietic tissue. ¢, RT-PCR of lyn with or without lyn 
morpholinos. d, Neutrophil wound recruitment with or without lyn 
morpholinos at 30 min after wounding (control: 49 larvae; lyn MO1: 38 larvae; 
lyn MO2: 50 larvae). Pictures show Sudan Black staining. e, The percentage of 
neutrophils that accumulate at wounds 30 min after wounding (14 larvae each). 
f, Neutrophil tracking for 25 min after wounding (29 cells, 6 larvae each). 

g, Neutrophil velocity during wound responses (29 cells, 6 larvae each). 

h, Immunofluorescence of pSFK in Tg(mpx:mCherry) with or without lyn 
morpholino. i, Quantification of fluorescence intensity of pSFK in neutrophils 
(control: 39 cells (4 larvae); lyn MO: 36 cells (5 larvae)). Error bars indicate 
s.e.m. *P < 0.05, one-way ANOVA with Dunnett post-test (d) and two-tailed 
unpaired f-test (e, g, i). Scale bar, 50 um. 


data demonstrate that C466, which is necessary for H2O2-induced Lyn 
activation, mediates neutrophil responses in vivo. We also investigated 
the importance of the cysteine to signalling downstream of Lyn in 
neutrophils in vivo. Erk phosphorylation was detected in puncta at 
the leading edge of neutrophils around wounds (Supplementary Fig. 
lla), which is reminiscent of phosphorylated SFKs (Fig. 1b). Lyn 
knockdown impaired Erk activation in neutrophils (Supplementary 
Fig. 11b, c), which was reversed by transgenic expression of Lyn wild 
type in neutrophils but not the C466A mutant, supporting the import- 
ance of C466 in vivo (Supplementary Fig. 11d-g). Furthermore, 
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Figure 3 | H,O, activates Lyn in a C466-dependent manner. 

a, Autophosphorylation of Lyn activation loop tyrosine with or without DPI in 
HEK293 cells. b, Quantification of a (n = 4). c, Autophosphorylation of Lyn 
mutants in HEK293 cells. Y506F is a constitutively active mutant as a positive 
control for phospho-Lyn (pLyn). d, Quantification of ¢ (n = 3). e, In vitro 
kinase assay of Lyn wild type (WT) and C466A with or without H,O, using 
SAM68 as a substrate. f, Quantification of e (n = 6). g, In vitro kinase assay of 
Lyn wild type and C466A with or without magnesium. h, Quantification of 
g (n = 5). Error bars indicate s.e.m. *P < 0.05, one-way ANOVA with Dunnett 
post-test (b), Bonferroni post-test (d) and two-tailed unpaired t-test (f, h). NS, 
not significant. 


Erk inhibition impaired neutrophil wound attraction (Supplemen- 
tary Fig. 12). 

We found that Lyn acts as a direct redox sensor that mediates neu- 
trophil wound responses in vivo (Supplementary Fig. 1a). Oxidation of 
cSRC regulates its activity, but whether it leads to inhibition or activation 
has been controversial’*'*. Oxidative stress activates LYN in neutrophils, 
but whether activation is direct or indirect was not known”. Here we 
have shown that Lyn is activated through direct oxidation of C466 and 
elucidated the in vivo relevance of this. Because we did not detect 
oligomerization of Lyn in non-reducing SDS—polyacrylamide gel elec- 
trophoresis (SDS-PAGE; data not shown), oxidation at C466 might 
regulate an intramolecular conformation. H,O, can cross the plasma 
membrane through aquaporins*"’. How redox sensing by Lyn is trans- 
formed into directional migration remains to be determined. 
Activation of Lyn and Erk at the neutrophil front suggests that Lyn 
might regulate the neutrophil leading edge. LYN is unique in its dual 
roles in regulating both inhibitory signalling by phosphatases such as 
SHIP and activating signalling by MAPKs**”* (Supplementary Fig. 1b). 
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Figure 4 | Lyn regulates neutrophil wound responses in a C466-dependent 
manner. a, Neutrophil wound recruitment with or without /yn morpholino in 
Tg(mpx:lyn-GFP) and wild-type clutchmates (Lyn-GFP(—)/ctrl: 38 larvae; 
Lyn-GFP(—)/lyn MO: 29 larvae; Lyn—GFP(+)/ctrl: 26 larvae; Lyn-GFP(+)/ 
lyn MO: 30 larvae). b, Representative pictures of Sudan Black staining in 

a. c, Neutrophil wound recruitment with or without lyn morpholino in 
Tg(mpx:lyn C466A-GFP) and wild-type clutchmates (Lyn(C466A)-GFP(—)/ 
ctrl: 41 larvae; Lyn(C466A)-GFP(—)/lyn MO: 41 larvae; Lyn(C466A)- 
GFP(+)/ctrl: 34 larvae; Lyn(C466A)-GFP(+)/lyn MO: 32 larvae). C466A- 
GFP indicates Lyn(C466A)-GFP. d, Representative pictures of Sudan Black 
staining in c. *P << 0.05, one-way ANOVA with Bonferroni post-test (a, c). 


How the opposing positive and negative signalling is coordinated is 
poorly understood. Because the phosphatases comprising LYN’s 
inhibitory pathway are inactivated by oxidation”"®, we speculate that 
H,0, may have two effects on Lyn’s function to orchestrate neutrophil 
wound responses: oxidation-mediated activation of Lyn and inhibition 
of the redox-sensitive inhibitory signalling downstream of Lyn 
(Supplementary Fig. 1b). 


METHODS SUMMARY 


Adult AB zebrafish and larvae were maintained as described previously"*. For live 
imaging or wounding assays, larvae were anaesthetized in E3 containing 0.2 mg 
ml ' tricaine. To prevent pigment formation, some larvae were maintained in E3 
containing 0.2mM N-phenylthiourea. For morpholino experiments, 2.5-3 dpf 
larvae were used. For experiments without morpholinos, 3-3.5 dpf larvae were 
used. Confocal immunofluorescence images were acquired with a confocal micro- 
scope (FluoView FV1000, Olympus) using an NA 0.75/20 objective or an NA 
1.45/60X oil immersion objective lens. Morpholino oligonucleotides (Gene Tools) 
in Danieau buffer were injected into 1-cell-stage embryos. duox splice morpholino 
(100 1M) was injected with p53 morpholino (300 1M) as previously described’. lyn 
splice morpholino lyn MO1 (5'-TCAGACAGCAAATAGTAATCACCTT-3’) 
(500 4M) or lyn splice morpholino lyn MO2 (5'-GAGTCTGTATTTCAG 
TACCATTAGC-3’) (500 [1M) was used (Danieau buffer as a control). To generate 
transgenic lines, 1 nl of solution containing 12.5 ng ul ' DNA plasmid (tol2-mpx- 
lyn-GEP or tol2-mpx-lyn C466A-GEP) and 17.5 ng ul‘ transposase mRNA was 
injected into the cytoplasm of 1-cell-stage embryos. Injected embryos were raised 
to sexual maturity and screened by crossing with wild-type fish to identify founders. 
F1 embyros were identified by GFP expression and raised to sexual maturity. 
Experiments were performed on progeny of F1 or F2 outcrosses with wild-type 
fish. HEK293 cells were cultured in DME containing 10% FCS. Cells were trans- 
fected using Lipofectamine 2000 (Invitrogen). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Zebrafish maintenance and general procedures. Adult AB zebrafish and larvae 
were maintained as described previously’. For live imaging or wounding assay, larvae 
were anaesthetized in E3 containing 0.2 mg ml ' tricaine (ethyl 3-aminobenzoate, 
Sigma Aldrich). To prevent pigment formation, some larvae were maintained in E3 
containing 0.2 mM N-phenylthiourea (PTU, Sigma Aldrich). For morpholino experi- 
ments, 2.5-3 dpf larvae were used. For experiments without morpholinos, 3-3.5 dpf 
larvae were used. When drugs were used, larvae were pre-treated at least for 1 h before 
experiments unless otherwise indicated (10-20 4M PP2, 104M PP1, 50-100 uM 
DPI, 100 1M PD98059, 20 uM U0126). Tail transection was performed on 2.5- 
3 dpf larvae using a razor blade. Tail fins of 3-3.5 dpf larvae were wounded with a 
needle. For application of exogenous H,O,, we injected one nanolitre of 10 uM HO, 
into the otic cavity of 3 dpf larvae or bathed 2.5-3 dpf larvae in E3 containing 100 1M 
H,0) after tail transection. For bath application of LTB,, 2.5-3 dpflarvae were bathed 
in E3 containing 30 1M LTB. 

Immunofluorescence and Sudan Black staining. Thirty minutes after tail 
transection, 2.5-3dpf larvae were fixed with 1.5% formaldehyde in 0.1M 
PIPES, 1.0mM MgSO, and 2mM EGTA overnight at 4°C and immunolabelled 
as previously described’. We used the following primary antibodies: rabbit anti- 
Mpx antibody’’”’ at 1:300, rabbit anti-L-Plastin antibody’’”’ at 1:300, rabbit anti- 
phospho-Sre family (Tyr416) antibody (Cell Signaling, #2101) at 1:300, rabbit 
anti-phospho-Sre family (Tyr416) antibody (Cell Signaling, D49G4) at 1:300, 
mouse anti-phospho-Erk1/2 (T185, Y187, T202, Y204) antibody (Abcam, 
ab50011) at 1:300. For pSFKs staining, the rabbit anti-phospho-Sre family 
(Tyr416) antibody (Cell Signaling, #2101) was used except that presented in 
Supplementary Fig. 2a, which was stained with the rabbit anti-phospho-Src family 
(Tyr416) antibody (Cell Signaling, D49G4). DyLight 488- or 549-conjugated IgG 
antibodies (Jackson ImmunoResearch) were used as secondary antibodies. Sudan 
Black staining was performed as previously described'*”. 

FACS and RT-PCR. Dissociated cells of Tg(mpx:Dendra2) at 3 dpf were sorted by 
FACS as previously described’’. RNA was isolated using the RNeasy Mini Kit 
(Qiagen) and one-step RT-PCR (Qiagen) was performed. Primers for c-fms, 
mpx and efla have been previously described*’. Other oligonucleotide sequences 
were as follows: hck forward, 5'‘-TGCCAGTCTCTCACCTCTCC-3’; hck reverse, 
5'-GCCGAAAGACCACACATCGG-3’; lyn forward, 5'-CGAAAGCTGGAT 
AAAGCATGCG-3’; lyn reverse, 5'-CTGCTCTCAGGTCTCGGTGG-3’; yrk 
forward, 5'-CAGATCATGAAGAGGCTCCGTC-3’; yrk reverse, 5’-CCTGCTC 
CAGCACCTCTCGG-3’; src forward, 5'-ACGGCCTGTGCCACTCCCTG-3’; 
src reverse, 5'-CCGTACAGAGCTGCCTCCGG-3’. 

Morpholino injection and RT-PCR. Morpholino oligonucleotides (Gene Tools) 
in Danieau buffer (58 mM NaCl, 0.7 mM KCL, 0.4 mM MgSO,, 0.6 mM Ca(NO3)2, 
5.0mM HEPES pH 7.1-7.3) were injected (1 nl) into 1-cell-stage embryos. duox 
splice morpholino (5’-AGTGAATTAGAGAAATGCACCTTTT-3’) (100 1M) 
was injected with p53 morpholino (5’-GCGCCATTGCTTTGCAAGAATTG- 
3’) (300 UM) as previously described (p53 morpholino (300 uM) was used as a 
control)°. lyn splice morpholino lyn MO] (5'-TCAGACAGCAAATAGTAATCA 
CCTT-3') (500 1M) or lyn splice morpholino lyn MO2 (5'-GAGTCTGTAT 
TTCAGTACCATTAGC-3’) (500 uM) was used (Danieau buffer as a control). 
For morphotyping of the splicing morpholinos, RNA was prepared from 2.5-3 dpf 
larvae using TRIzol (Invitrogen) and one-step RT-PCR (Qiagen) was performed. 
Primers for duox have been described previously®. Other oligonucleotide 
sequences were as follows: lyn forward (for lyn MO1), 5'-GCGAGGTCTTT 
GACCACACG-3’; lyn reverse (for lyn MO1), 5'-CGCATGCTTTATCCAGC 
TTITCGAC-3’; lyn forward (for lyn MO2), 5’-CGAAAGCTGGATAAAGC 
ATGCG-3’; lyn reverse (for lyn MO2), 5'-CTGCTCTCAGGTCTCGGTGG-3’. 
Whole-mount in situ hybridization. For in situ hybridization, 1kb of the 3’ 
region of zebrafish lyn was amplified with the T7 promoter by RT-PCR 
(5'-CGTAGACGCTCAGGGCCAGG-3’ and 5'-GATCACTAATACGACTCAC 
TATAGGGTCATGGCTGCTGCTGGTACTGG-3’) using mRNA from 3 dpf 
larvae as a template. Digoxigenin-labelled RNA probe was transcribed with the 
use of T7 RNA polymerase (Ambion). The mpx probe was transcribed as previ- 
ously descrbed*. 3dpf larvae were fixed in 4% paraformaldehyde in PBS 
and mRNA was labelled by in situ hybridization using the previously described 
protocol*’. 

Image acquisition and analysis. Confocal immunofluorescence images were 
acquired with a confocal microscope (FluoView FV1000, Olympus) using an 
NA 0.75/20 objective or an NA 1.45/60 oil immersion objective lens. 
Z-series were acquired using a 260-600-p1m pinhole. For quantification of fluor- 
escence intensity of pSFK and pErk in neutrophils, the median intensity of a square 
with three-pixel sides was measured at a single z-plane and the highest median 
intensity within each neutrophil was used. For HO, imaging, HyPer fluorescence 
was excited with 405 nm and 488 nm lasers, and emission wavelengths 505-510 
and 510-525 nm (dichroic mirror: SDM510; band pass filter: BA505-525) were 
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acquired using the sequential line scanning. Ratiometric analysis was performed 
by using FluoView FV1000 software (Olympus) after Z-series stacking as previ- 
ously described’*. Neutrophils were tracked and analysed by using plugins 
MTrackj (three-dimensional tracking), Manual tracking (two-dimensional track- 
ing) and Chemotaxis and Migration tool (Ibidi) for ImageJ (National Institutes of 
Health). The percentage of neutrophils that accumulate at wounds was calculated 
by dividing the number of neutrophils that arrived at a wound 30 min after 
wounding by the total number of neutrophils in a region that is 400-500 um 
distant from the wound margin. A Nikon SMZ-1500 stereomicroscope (Nikon) 
was used for imaging of larvae labelled with Sudan Black staining, in situ hybrid- 
ization and time-lapse analysis of Tg(mpx:Dendra2). 

Photolabelleing of neutrophils. Neutrophils at wounds were photolabelled as 
previously described’. Tg(mpx:Dendra2) at 3 dpf were wounded with a razor blade. 
At 1h after wounding, larvae were treated with DMSO or PP2 and neutrophils at 
wounds were photolabelled by photoconverting fluorescence of Dendra2 from 
green (488 nm) to red (543 nm). For photoconversion, a 405 nm laser was focused 
into an area of interest for 20-30 s with 20-30% power 10.0 us pixel’ (tornado 
function). Photolabelled neutrophils were tracked up to 9.5h after wounding. 
Plasmid construction and in vitro transcription. The plasmid for zebrafish Lyn 
wild-type expression in HEK293 cells was constructed by subcloning codon- 
optimized lyn wild type (Supplementary Fig. 13a) into pEGFP-N1 vector 
(clontech). Humanization and optimization of codon usage was performed 
(GenScript) owing to poor expression of the original zebrafish lyn in HEK293 
cells. /yn mutants (C466A, C224A and Y506F) in pEGFP-N1 were made by over- 
lap PCR mutagenesis. Codon-optimized lyn-GFP wild type or lyn(C466A)-GEP 
was subcloned into the backbone vector with the mpx promoter’’, minimal tol2 
elements and a SV40 polyadenylation sequence as previously described'*””. 
HyPer* was subcloned into the pCS2+ vector, linearized by Notl and in vitro 
transcribed by SP6 RNA polymerase (Invitrogen). The plasmid for human LYN 
wild-type expression in HEK293 cells was constructed by subcloning codon- 
optimized human LYN wild type (Supplementary Fig. 13b) into pEGFP-N1 
vector (clontech). Human LYN C468A in pEGFP-N1 was made by overlap PCR 
mutagenesis. 

Cells and transfection. HEK293 cells were cultured in DME containing 10% FCS. 
Cells were transfected using Lipofectamine 2000 (Invitrogen) according to the 
manufacturer’s instruction. Cells were treated with DPI for 6-7h before lysis 
(see Fig. 3a). 

Immunoblot analysis. HEK293 cells were lysed in lysis buffer (50 mM HEPES, 
pH 7.4, 150mM NaCl, 0.5% Nonidet P-40, 5% glycerol, 1mM MgCl, 1mM 
MnCl, 20mM NaF, 1mM Na3VO,, 1 mM dithiothreitol, 0.2mM PMSF, 1 pg 
ml! pepstatin, 10ugml~' aprotinin, 5ygml~' leupeptin, Phosphatase 
Inhibitor Cocktail 2 (Sigma) at 1:1,000). Whole-cell lysates were subjected to 
analyses by immunoblotting with an infrared imaging system (Odyssey; LI-COR 
Biosciences) as previously described**. Antibodies against phospho-Sre family 
(Tyr416) (Cell Signaling, #2101), GFP (Clontech, JL-8), phospho-ERK1/2 
(Abcam, ab50011), ERK1/2 (BioSource, 44654G), phospho-ERK5 (Sigma, 
E7153), ERK5 (Santa Cruz, 12F2), phospho-JNK (Santa Cruz, G-7), JNK 
(BioSource, 44690), phospho-p38 (Calbiochem, 506124) and p38 (BioSource, 
2F11) were purchased commercially. 

Immunoprecipitation and in vitro kinase assay. Twenty-four hours after trans- 
fection of Lyn-GFP wild type or Lyn(C466A)-GFP, HEK293 cells were treated 
with 5 uM PP2 for 2-4h to inactivate the basal activity of Lyn. Cells were lysed in 
cRIPA lysis buffer (50mM Tris-HCl, pH 7.5, 150mM NaCl, 1% Triton X-100, 
2mM EGTA, 1mM Na3VO,, 1mM dithiothreitol, 0.2mM PMSF, 10 pg ml! 
aprotinin, 5 pg ml! leupeptin, 1 1M PP2, 0.1% SDS, 0.5% sodium deoxycholate). 
Lyn-GFP was immunoprecipitated with anti-GFP serum (Invitrogen) and 
GammaBind G-Sepharose beads (GE Healthcare). The immune complex was 
washed twice with cRIPA buffer (5mM Tris-HCl, pH 7.5, 150mM NaCl, 1% 
Triton X-100, 2 mM EGTA, 0.1% SDS, 0.5% sodium deoxycholate) and twice with 
kinase buffer (10 mM Tris-HCl, pH 7.5, 5mM MgCl,). The immunoprecipitate 
was treated with or without 154M H,O, in kinase buffer (40 ul) containing 
100M ATP and 0.5 11g SAM68 (ref. 37) (Santa Cruz) at room temperature 
(24 °C) for 45s with continuous mixing**. The reaction was stopped by addition 
of 5X sample buffer and the immunocomplexes were separated by SDS-PAGE 
and probed with anti-phosphotyrosine antibody (4G10 Platinum, Millipore). The 
precipitated Lyn and SAM68 were detected by Amido black staining. When we 
performed the kinase assay to examine effects of magnesium on Lyn activity 
(Fig. 3g, h), MgCl, was removed from kinase buffer for washing and the immuno- 
precipitate was treated with or without 5mM MgCl, during the kinase assay. 
BIAM-mediated carboxymethylation. Twenty-four hours after transfection, 
HEK293 cells were lysed in cRIPA lysis buffer (50mM Tris-HCl, pH 7.5, 
150mM NaCl, 1% Triton X-100, 2mM EGTA, 1mM Na3VOy,, 0.2mM PMSF, 
10 pg ml aprotinin, 5 1g ml’ leupeptin, 0.1% SDS, 0.5% sodium deoxycholate) 
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containing 100 uM BIAM (Invitrogen). Lyn-GFP was immunoprecipitated with 
anti-GFP serum (Invitrogen) and GammaBind G-Sepharose beads (GE 
Healthcare). The immunocomplexes were separated by SDS-PAGE and probed 
with anti-GFP antibody (JL-8, Clontech) and IRDye 680 Streptavidin (LI-COR 
Biosciences). 

Generation of Tg(mpx:lyn-GFP) and Tg(mpx:lyn C466A-GFP). One 
nanolitre of solution containing 12.5ngpl ' DNA plasmid (tol2-mpx-lyn-GFP 
or tol2-mpx-lyn C466A-GFP) and 17.5ng ul ' transposase mRNA was injected 
into the cytoplasm of 1-cell-stage embryos. Injected embryos were raised to sexual 
maturity and screened by crossing with wild-type fish to identify founders. F1 
embryos were identified by GFP expression and raised to sexual maturity. 
Experiments were performed on progeny of F1 or F2 outcross with wild-type fish. 
Purification of human neutrophils and in vitro chemotaxis assay. Blood was 
obtained from healthy donors with informed consent. Neutrophils were purified 
using Polymorphprep (Nycomed Pharma AS). Purified neutrophils were sus- 
pended in HBSS containing 5% FBS and 25mM HEPES at 1.5-2.5 X 10’ cells 
ml’. Cells were pretreated with DMSO, 104M PP2 or 10M SU6656 for 
30 min. The under-agarose assay was performed as previously described” with 
minor modification. Plastic tissue culture dishes (35-mm diameter) were filled 
with 3 ml of a 1.2% agarose solution containing 50% HBSS and 50% RPMI-1640 
with 20% FBS. After the agarose solidified, four series of three wells, 2mm in 
diameter and spaced 2 mm apart, were made. The centre well of each three-well 
series was loaded with 20 tl of neutrophils (1.5-2.5 x 10’ cells ml!) and the outer 
wells were loaded with chemoattractants (10 1M HO, or 100nM fMLP) or HBSS. 
Once loaded, the gels were incubated for 1h in a 37 °C/5% COs incubator. Cells 
were fixed with methanol for a few hours, and with 37% formaldehyde overnight. 
After fixation, the gels were carefully removed and cells were stained using a 
Hema-3 stain kit (Thermo Fisher Scientific). For quantification, four dishes were 
used for each condition. Cells were imaged using a Nikon SMZ-1500 stereomicro- 
scope (Nikon) and acquired pictures were thresholded to generate binary images. 
Pixel intensities of binary images on each side of the centre well were quantified by 
MetaView software. The pixel intensity on the chemoattraction side was divided by 
the intensity on the buffer side. The geometric mean of 16 values (each of four dishes 


has four series of three wells) was calculated for each condition. The means of three 
separate experiments were calculated and shown with s.e.m. 

Statistics. All error bars indicate s.e.m. For quantification of western blot and in 
vitro chemotaxis assay, data shown are means + s.e.m. of at least three separate 
experiments. For quantification of animal experiments in vivo, representative data 
of two or three separate experiments are presented unless otherwise indicated. 
Assuming Gaussian distribution of overall population of values, P values were 
derived by the following analyses. 

Two-tailed unpaired t-test: Figs Ic, e, f, i, 2e, g, i and 3f, h and Supplementary 
Figs 2b, d, e, h, 4g, 7c, e and 11c, f, g. Two-tailed paired t-test: Supplementary Figs 
8c, fand 9c, e. One-way ANOVA with Bonferroni post-test: Figs 3d and 4a, c and 
Supplementary Figs 4c, f and 7a. One-way ANOVA with Dunnett post-test: 
Figs 2d and 3b and Supplementary Figs 2f, 5c, 6a and 12a. 
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Selective autophagy involves the recognition and targeting of spe- 
cific cargo, such as damaged organelles, misfolded proteins, or 
invading pathogens for lysosomal destruction’*. Yeast genetic 
screens have identified proteins required for different forms of 
selective autophagy, including cytoplasm-to-vacuole targeting, 
pexophagy and mitophagy, and mammalian genetic screens have 
identified proteins required for autophagy regulation’. However, 
there have been no systematic approaches to identify molecular 
determinants of selective autophagy in mammalian cells. Here, to 
identify mammalian genes required for selective autophagy, we per- 
formed a high-content, image-based, genome-wide small interfer- 
ing RNA screen to detect genes required for the colocalization of 
Sindbis virus capsid protein with autophagolysosomes. We iden- 
tified 141 candidate genes required for viral autophagy, which were 
enriched for cellular pathways related to messenger RNA proces- 
sing, interferon signalling, vesicle trafficking, cytoskeletal motor 
function and metabolism. Ninety-six of these genes were also 
required for Parkin-mediated mitophagy, indicating that common 
molecular determinants may be involved in autophagic targeting of 
viral nucleocapsids and autophagic targeting of damaged mitochon- 
dria. Murine embryonic fibroblasts lacking one of these gene pro- 
ducts, the C2-domain containing protein, SMURF1, are deficient 
in the autophagosomal targeting of Sindbis and herpes simplex 
viruses and in the clearance of damaged mitochondria. Moreover, 
SMURF1-deficient mice accumulate damaged mitochondria in the 
heart, brain and liver. Thus, our study identifies candidate determi- 
nants of selective autophagy, and defines SMURF 1 as a newly recog- 
nized mediator of both viral autophagy and mitophagy. 

To identify novel genes required for selective autophagy, we per- 
formed a genome-wide siRNA screen to detect changes in the coloca- 
lization of a red-labelled Sindbis virus (SIN) capsid protein with a 
green fluorescent protein (GFP)-labelled marker of autophagosomes, 
GFP-LC3 (LC3 is also known as MAP1LC3) (Supplementary Fig. 1a) 
in SIN-infected HeLa/GFP-LC3 cells (ref. 6). Using correlative light 
and electron microscopy, we confirmed that colocalized red and green 
puncta represented autophagic structures (primarily autolysosomes) 
containing numerous viral nucleocapsids (Fig. 1a). The predominance 
of viral nucleocapsids concentrated in these structures (relative to 
within the cytoplasm) is consistent with selective autophagic targeting 
of viral nucleocapsids (herein referred to as virophagy). 

Screening of a human siGenome library containing 21,125 siRNA 
pools showed that knockdown of 195 and 13 genes resulted in decreased 


or increased colocalization, respectively, (Fig. 1b, Supplementary 
Table 1 and Supplementary Fig. 1b). Genes were re-screened with sets 
of four individual siRNAs (Supplementary Table 2; see column ‘J’ of 
Supplementary Table 3 for siRNA sequences) to confirm our primary 
screen and rule out potential off-target effects of individual siRNAs; 
knockdown with two or more siRNAs resulted in decreased colocaliza- 
tion for 141 (72%) genes. (Fig. 2 and Supplementary Figs 1b and 2a). 
None of these 141 gene knockdowns decreased numbers of green 
puncta in uninfected cells (data not shown), indicating that these genes 
function in virophagy, but not in regulation of autophagy. There was no 
enrichment of siRNAs-containing microRNA seed sequences among 
these genes (P = 0.95) (Supplementary Tables 3 and 4), indicating that 
bias due to miRNA-like off-target effects was unlikely. There was a low 
confirmation rate for siRNAs that increased colocalization (2 of 13 
genes); therefore, we subsequently focused only on siRNAs that 
decreased colocalization. 

Bioinformatic analyses of the 141 confirmed hits required for SIN 
capsid/GFP-LC3 colocalization showed enrichment for gene sets 
associated with biological processes and molecular functions including 
RNA splicing/processing, protein phosphorylation, transport, calcium- 
binding and the cytoskeleton (Supplementary Table 5 and Supplemen- 
tary Fig. 3a). Examination of our hits within a framework of functional 
cellular pathways revealed strongly enriched network modules asso- 
ciated with RNA processing, interferon (IFN)-« and -y signalling, 
SNARE vesicular transport, cytoskeletal-associated components, and 
several metabolic pathways (Supplementary Fig. 3b and Fig. 1c). This is 
consistent with the function of IFN-7 in selective microbial autophagy’ 
and the described role of the actin cytoskeleton in selective autophagy 
in yeast’ and mammalian® cells. The enrichment of SNARE proteins 
suggests that in addition to a function in autophagosome formation 
and maturation””°, these proteins may be involved in the trafficking of 
selective cargo to the autophagosome. Twelve colocalization hits form 
primary interactions with core autophagy machinery and associated 
components"’ (Fig. 1d). One colocalization screen hit, clathrin inter- 
action 1 (CLINT) interacts with ATG8 components (GABARAPLI, 
MAP1LC3A, MAP1LC3B), which are crucial in the recognition of 
cargo during selective autophagy’. Another hit, ATG13, is a member 
of the core autophagy network, indicating that it may have an as yet 
undefined function in selective autophagy, in addition to its role in 
the ULK1 (also known as Atg1) autophagy induction complex”. Five 
colocalization hits, SMURF1, NEFM, KCNAB2, SFRS4 and UBA52, 
interact with p62 (also known as SQSTM1), a known adaptor in diverse 
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Figure 1 | Genome-wide screen to identify cellular factors required for 
Sindbis virus capsid colocalization with autophagosomes. a, Correlative 
light and electron microscopy of HeLa/GFP-LC3 cell infected with SIN/ 
mCherry.capsid virus. Top left, deconvolved image of red and green 
fluorescence channels; middle, three-dimensional surface reconstruction of red 
and green channels; right, yellow (red + green) colocalization channel. Arrows 
denote yellow puncta that correspond to ‘1’ and ‘2’ in electron microscopy 
images below. Bottom left, electron microscopy of identical cell; middle and 
right, high magnification images of insets ‘1’ and ‘2’. Scale bars, left, 10 um; 
middle and right, 200 nm. b, Ranked distribution of median Z-scores for each 
siRNA pool in primary colocalization (virophagy) screen. Red, decreased 
colocalization; green, increased colocalization; blue, insufficient numbers of 
green or red puncta per cell or total number of cells per well for analysis. c, Maps 
of protein interactions in enriched network modules (see Supplementary Fig. 
3b). d, Association of siRNA hits with autophagy network. 


forms of selective autophagy’, including SIN capsid targeting to auto- 
phagosomes®. 

Selective SIN autophagy (virophagy) promotes the survival of SIN- 
infected cells®’. To determine if our identified candidate virophagy 
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genes have a similar function, we screened our confirmation siRNA 
library for genes that decreased cell survival after SIN infection. Two or 
more siRNAs targeting 98 of the genes decreased cell survival after SIN 
infection (Fig. 2, Supplementary Tables 3 and 6 and Supplementary 
Figs 1b and 2a); colocalization and cell survival effects of individual 
siRNAs were significantly correlated (Supplementary Fig. 2b) 
(P=3.8X10 8, Spearman correlation). This is consistent with a 
pro-survival function of autophagic targeting of SIN capsid in virally 
infected cells®. 

To investigate whether the identified candidate virophagy genes 
also function in other forms of selective autophagy, we performed a 
secondary screen for autophagy of damaged mitochondria (mito- 
phagy). We used HeLa cells that express an mCherry fusion of 
Parkin, a cytosolic E3 ubiquitin ligase that translocates to depolarized 
mitochondria to induce mitophagy after treatment with uncoupling 
agents (such as CCCP, carbonyl cyanide m-chlorphenylhydrazone)”’. 
Of the 141 confirmed colocalization hits, 2 or more siRNAs targeting 
96 (68%) genes decreased mitophagy (Fig. 2, Supplementary Tables 3 
and 7 and Supplementary Figs 1b and 2a, b). Host factors involved in 
viral autophagy and mitophagy overlapped significantly (P = 0.019, 
Spearman correlation). The minority of genes that only scored positive 
in either the virophagy confirmation or the mitophagy secondary 
screen may have a role in targeting some, but not other cargoes, for 
selective autophagy; however, the lack of overlap may also reflect 
different sensitivities of the two screens. Mitophagy hits consisted of 
several mitochondria-associated components’* (NME2, MDH1, 
NTHL1, PDK1, COX8A, MRPS2, MRPS10, NDUFB9 and BLOCI1S) 
and interactors of mitochondria-associated components (Supplemen- 
tary Fig. 4). 

We focused further on one gene, SMURF1 (SMAD specific E3 
ubiquitin protein ligase 1), encoding a HECT-domain ubiquitin ligase 
that targets several cytoplasmic proteins for degradation’>. SMURF1 
was a confirmed hit in all three confirmation or secondary screening 
assays (see Supplementary Fig. 5 for representative raw data from 
colocalization confirmation screen), is present in two of the enriched 
networks (mRNA processing and actin cytoskeleton) (Fig. 1c), and is a 
predicted interacting partner of the autophagy adaptor, p62 (refs 2, 4, 
Fig. 1d). 

We confirmed that SMURF1 is not required for general autophagy, 
but is a bona fide mediator of selective autophagy, including virophagy 
and mitophagy. siRNA knockdown of SMURF1 in HeLa cells, unlike 
knockdown of the essential autophagy protein, ATG7, did not alter 
general starvation-induced autophagy (Supplementary Fig. 6a). 
Furthermore, Smurfl~'~ murine embryonic fibroblasts (MEFs) had 
normal levels of starvation-induced LC3-II (lipidated form of 
MAPI1LC3) conversion, p62 degradation, and ultrastructural evidence 
of autophagosome and autolysosome accumulation (Fig. 3a, b). 

However, a significant decrease in SIN/mCherry.capsid/GFP-LC3 
colocalization was observed in SIN-infected Smurfl~'~ MEFs (Fig. 
3c, d). Similar to p62 (ref. 6), SMURF1 and SIN capsid protein co- 
immunoprecipitate in SIN-infected MEFs and HeLa cells (Sup- 
plementary Fig. 7a, b). SMURF1 is not required for the interaction 
between p62 and SIN capsid (Supplementary Fig. 7c). The interaction 
between SMURF and SIN capsid may be relevant for targeting SIN 
capsid for autophagosomal degradation, as levels of SIN capsid were 
increased in Smurfl”'~ MEFs and SMURF siRNA-treated HeLa cells. 
(Supplementary Fig. 7d-f). Increased SIN capsid levels in Smurfl- 
deficient cells cannot be explained by increased capsid production 
because viral growth was similar in Smurfl~‘~ and wild-type MEFs 
(Supplementary Fig. 7g, h), or by changes in proteasomal degradation 
because SIN capsid levels were not altered by treatment with the 
proteasome inhibitor MG132 (Supplementary Fig. 7d), and SIN 
capsid ubiquitination was not detected (data not shown). SIN-infected 
Smurfl-‘~ MEFs had accelerated cell death (despite similar viral 
titres) as compared to wild-type controls (Supplementary Fig. 7i). 
Thus, SMURF1 interacts with SIN capsid, SMURF1 is required for 
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Figure 2 | Gene list for viral capsid/autophagosome colocalization (C) 
confirmation screen and secondary screens for survival of virus-infected 
cells (S) and Parkin-mediated mitophagy (M). Shown are the numbers of 
individual siRNAs from a pool of four targeting each gene that scored positive 
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Figure 3 | SMURF1 functions in virophagy but not in starvation-induced 
autophagy. a, Electron microscopy analysis of wild-type (WT) and Smurfl‘~ 
(KO) MEFs grown in normal media or EBSS (starvation) for 4h. Arrowheads, 
representative autophagosomes; arrows, representative autolysosomes. Scale 
bars, 500 nm. b, Western blot analyses of LC3-I/II (non-lipidated and lipidated 
forms of MAP1LC3, respectively) and p62 levels in MEFs of indicated 
genotype. c, Quantification of colocalization of SIN/mCherry.capsid and GFP- 
LC3 in indicated MEFs 16 h after SIN/mCherry.capsid/GFP-LC3 infection. 
Data shown represent mean + s.e.m. number of colocalized red and green 
puncta per cell for 50 cells per well in triplicate samples. *P < 0.001 against 
wild-type, Student's ¢-test. d, Representative confocal micrographs of images 
used for quantification in c. Arrows, colocalized red and green puncta. Scale 
bar, 15 jim. e, Representative electron microscopy images of indicated MEFs 
infected with HSV-1 (strain 17termA). White arrowheads, partially degraded 
viral nucleocapsids inside autolysosomes; black arrowheads, intact viral 
nucleocapsids inside viral vesicles. Scale bar, 0.5 um. For a-e, similar results 
were obtained in 3-5 independent experiments. 


in each screen. Red, genes with 2 or more positive siRNAs (confirmed hits); 
Green, genes with <2 positive siRNAs. See Supplementary Tables 2-8 for 
further details. 


SIN capsid targeting to autophagosomes and degradation through a 
proteasome-independent pathway, and SMURF1-dependent degrada- 
tion of SIN capsid promotes cell survival. 

To determine whether SMURF1 is required for the autophagic 
targeting of other viruses, we performed electron microscopy of wild- 
type and Smurfl-’" MEFs infected with a mutant strain of herpes 
simplex virus type 1 harbouring a deletion of ICP34.5, a potent inhibitor 
of viral autophagy'** (Fig. 3e). As reported’’, the majority of cyto- 
plasmic HSV-1 virions in wild-type MEFs were inside autolysosomal 
structures and appeared partially degraded. In contrast, in Smurf1~'~ 
MEFs, the majority of cytoplasmic HSV-1 virions were inside single- 
membraned vesicles involved in HSV-1 cytoplasmic egress and had an 
intact structure. This lack of autophagic targeting of HSV-1 in 
Smurf1~'~ MEFs was not due toa general defect in autophagy, because 
HSV-1 infection induced autophagy similarly in Smurfl~~ and wild- 
type MEFs (Supplementary Fig. 6b). Thus, SMURF is required for the 
autophagic targeting of both a positive-strand RNA (Sindbis) and a 
double-stranded DNA (herpes simplex) virus. 

Next, we examined the role of SMURF 1 in mitophagy. In HeLa cells, 
all four SMURF1 siRNAs decreased SMURF protein expression (Sup- 
plementary Fig. 8a) and inhibited Parkin-mediated CCCP-induced 
mitophagy as effectively as an siRNA targeting p62, a mediator of 
mitophagy in some previous reports'’”°, and siRNA targeted against 
the essential autophagy gene, ATG7 (Supplementary Fig. 8b, c). The 
magnitude of each individual siRNA’s effect on SMURF1 protein 
expression knockdown correlated with the magnitude of inhibition 
of Parkin-mediated autophagy. Therefore, in the mitophagy confirma- 
tion screen, two of the SMURF! siRNAs were probably false negatives; 
indeed, the number of Parkin-expressing cells in wells treated with 
these siRNAs was low (data not shown), precluding meaningful 
statistical analyses. A similar finding was true in the viral colocalization 
screen. 

We further examined the role of SMURF1 in mitophagy by assessing 
mitochondrial clearance in CCCP-treated Smurfl’” MEFs. Unlike in 
HeLa cells, Parkin overexpression did not promote mitophagy in MEFs 
of either genotype (data not shown). However, 25-30% of MEFs 
treated with 10 14M CCCP showed changes in mitochondrial morpho- 
logy. In wild-type MEFs with damaged mitochondria (swollen or frag- 
mented appearance), partial mitochondrial clearance occurred with 
compaction of the remaining mitochondria around the nucleus 
(Fig. 4a). In contrast, in Smurfl~'~ cells with damaged mitochondria, 
virtually no mitochondrial clearance occurred and there was diffuse 
accumulation of fragmented mitochondria throughout the cytoplasm 
(Fig. 4a, arrows). This phenotypic difference was confirmed using 
two independent methods of quantification, including assessment 
of the total percentage of CCCP-treated cells that displayed diffuse 
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accumulation of abnormal mitochondria (Fig. 4b) and the measure- 
ment of fractional mitochondrial surface area per cell (Fig. 4c). 

To evaluate the mechanism of action of SMURF1, we compared the 
effects of wild-type and mutant SMURF expression plasmids on rescue 
of selective autophagy in Smurfl~’~ MEFs (Fig. 4a—c). We focused on 
mitophagy rather than SIN capsid virophagy because of the resistance of 
MEFs to SIN infection after plasmid transfection. The defect in mito- 
phagy in Smurfl~/~ MEFs was partially rescued by wild-type SMURF1 
transfection. SMURF1AHECT™, lacking the HECT domain that cata- 
lyses ubiquitin ligation onto target proteins, or SMURF1(C699A)"', a 
catalytically inactive point mutant, rescued the mitochondrial clear- 
ance defect as efficiently as wild-type SMURF 1. Thus, in addition to its 
known role in targeting proteins for proteasomal degradation via ubi- 
quitination, SMURF has a ubiquitin ligase activity-independent func- 
tion in mediating the selective degradation of damaged mitochondria. 

In contrast, a SMURF1 mutant lacking the C2 domain, SMURF1AC2, 
was completely defective in mitophagy rescue in CCCP-treated 
Smurfl-'~ MEFs (Fig. 4a-c), despite similar levels of expression as 
transfected wild-type SMURF1 (Supplementary Fig. 9a). The C2 
domain of SMURF1 was not required for SMURF1 co-immunopreci- 
pitation with p62 (Supplementary Fig. 9b), indicating that SMURF1 
does not function in selective autophagy by recruiting p62. C2 domains 
(including those of protein kinase C and SMURF1) bind membrane 
phospholipids and function in protein targeting to the plasma mem- 
brane and/or membrane subcellular compartments”. This raised the 
possibility that SMURF1 might function in the targeting of selective 
autophagy cargo through interaction with the nascent autophagosome 
membrane. 


116 | NATURE | VOL 480 | 1 DECEMBER 2011 


WT WT AC2 
DMSO cccP DMSO 


Tom20 


Figure 4| SMURF functions in mitophagy. 

a, Representative mitochondrial morphology in 
Smurf1*!* (wild-type) and Smurfl'~ (KO) MEFs 
transfected with indicated construct and treated 
with DMSO or 10 uM CCCP for 24h. 

b, Quantification of percentage of total cells with a 
diffuse accumulation of abnormal fragmented 
mitochondria and lack of mitochondrial clearance. 
Results shown represent combined data from 3-5 
experiments per condition with triplicate wells (of 
at least 100 cells per well) analysed for each 
condition per experiment. Shown are 

mean + s.e.m. for average values from each 
experiment. Similar results were observed in each 
independent experiment. *P < 0.001, Student’s 
t-test. c, Measurement of mitochondrial fractional 
area (percentage of total cellular area) in MEFs 
treated as in a. Results shown represent 

mean + s.e.m. for 50 cells per condition. 

d, Representative confocal micrographs of KO 
MEFs transfected with YFP-SMURF1 wild-type or 
YFP-SMURF1AC2 (AC2) and treated for 4h with 
DMSO or CCCP. e, Representative confocal 
micrographs of KO MEFs transfected with GFP- 
LC3 and wild-type mCherry-SMURF1 (WT) or 
mCherry-SMURF1AC2 (AC2) and treated for 4h 
with CCCP. Inset, upper right, formation of 
completed autophagosome around a damaged 
mitochondrion associated with wild-type 
SMURF]; insets, lower right, incomplete 
autophagosomes or absence of LC3 signal around 
mitochondria associated with SMURF1AC2. See 
also Supplementary Figs 10 and 11 for enlarged 
images. f, Representative electron microscopy 
images of indicated tissues from 10-month-old 
Smurf1'!* (WT) or Smurf1 ~'~ (KO) mice. 
Arrows, representative abnormal mitochondria. 
Scale bars, 1 um. Similar abnormalities were 
observed throughout entire electron microscopy 
tissue section for each mouse and in tissue samples 
from three different mice for each genotype. 


To investigate this possibility, we examined the subcellular local- 
ization of wild-type SMURF1 and SMURF1AC2 with damaged mito- 
chondria and autophagosomes (Fig. 4d). In Smurfl”' MEFs 
transfected with wild-type, yellow fluorescent protein-conjugated 
YFP-SMURF1, CCCP treatment induced the colocalization of YFP- 
SMURF1 with damaged mitochondria. In Smurfl~/~ MEFs trans- 
fected with YFP-SMURF1AC2, increased numbers of fragmented 
and swollen mitochondria were observed in basal conditions and these 
increased further upon CCCP treatment. These abnormal mitochon- 
dria colocalized with YFP-SMURF1AC2, whereas normal reticular- 
appearing mitochondria rarely colocalized with YFP-SMURF1AC2. 
YFP-SMURF1(C699A) displayed the same subcellular staining 
pattern as wild-type YFP-SMURF1 (data not shown). Thus, 
SMURF colocalizes with damaged mitochondria in a C2 domain- 
independent manner. 

We next determined whether the C2 domain of SMURF1 was 
required for the colocalization of damaged mitochondria with autopha- 
gosomes (Fig. 4e and Supplementary Figs 10 and 11). In cells expressing 
wild-type mCherry-SMURF1, mitochondria were mostly compacted 
around the nucleus, and numerous autophagosomes were observed sur- 
rounding structures that labelled positive for both mCherry-SMURF1 
and the mitochondrial marker, Tom20 (also known as TOMM20). 
In contrast, in cells expressing mCherry-SMURF1AC2, mCherry- 
SMURFIAC2- and Tom20-postive mitochondria were rarely found 
inside autophagosomes. In many regions, GFP-LC3-positive linear or 
cup-shaped structures were observed near mCherry-SMURF1AC2- 
positive mitochondria, but complete autophagosomes surrounding these 
mitochondria could not be detected. Thus, the C2 domain of SMURF1 is 
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not required for its targeting to damaged mitochondria, but is required 
for damaged mitochondria to be normally engulfed by autophagosomes. 
It is not yet known whether this requirement reflects a direct role for the 
C2 domain in binding to autophagosomal membrane phospholipids or 
is a more indirect consequence of other, as-yet-undescribed, effects of the 
C2 domain in mitophagy. 

To investigate whether SMURF1 may function in selective autop- 
hagy in vivo, we performed electron microscopy analyses of cerebel- 
lum, liver and hearts of 10-month-old wild-type and Smurf1~/~ 
mice”. In all three organs, Smurf1~'~ mice showed an accumulation 
of abnormal mitochondria that were swollen, fragmented, and/or con- 
tained abnormal cristae (Fig. 4f). This phenotype is consistent with a 
defect in mitophagy and mitochondrial quality control; however, we 
cannot rule out unknown triggers of mitochondrial damage in these 
animals. In the livers of Smurfl~'~ mice, mitochondria were spatially 
disorganized and surrounded by networks of dilated endoplasmic 
reticulum, perhaps reflecting a defect in mitochondrial targeting by 
isolation membranes (which are believed to originate from the endo- 
plasmic reticulum’) and/or a defect in selective autophagy of the endo- 
plasmic reticulum. There was a marked accumulation of lipid droplets 
in the livers of Smurf1~'~ mice (Supplementary Fig. 12a), which may 
be consistent with selective degradation of lipid droplets by autophagy 
(lipophagy) in hepatocytes**. Furthermore, the granule cell layer of 
the cerebellum and cardiomyocytes of Smurfl~‘~ mice had increased 
numbers of p62 aggregates (Supplementary Fig. 12b). Unlike findings 
in brains and hearts of mice lacking core autophagy genes”, p62 
aggregate accumulation in these tissues was not associated with ubi- 
quitin accumulation. This is consistent with a role for SMURFI1 in 
selective autophagy but not in the form of basal autophagy that is 
involved in protein quality control”. 

Together, our data in Smurfl~'~ MEFs and in Smurfl~‘~ mice 
suggest a crucial function for SMURF1 in selective autophagy, includ- 
ing in the autophagic targeting of genetically distinct viruses, in the 
autophagic targeting of mitochondria and, more speculatively, in the 
potential autophagic targeting of other cellular targets such as hepatic 
lipid droplets and endoplasmic reticulum. The mechanism by which 
SMURFI functions in selective autophagy is independent of its E3 
ubiquitin ligase activity, but rather involves its C2 membrane-targeting 
domain. We propose that the C2 domain of SMURF1 may participate 
in the delivery of selective autophagic substrates to the nascent autop- 
hagosome. Thus, SMURF1 has parallel functions in two distinct cel- 
lular degradation pathways, targeting specific proteins for degradation 
by the ubiquitin-proteasomal pathway” (via its E3 ubiquitin ligase 
activity) and targeting selective cargo for degradation by the autophagy 
pathway (via its C2 domain). 

Our findings in Smurf1~'~ MEFs and mice illustrate that our high- 
content image-based genome-wide screen successfully reveals novel 
candidate determinants of selective autophagy. More broadly, the 
identification of a set of 96 genes that may dually function in viral 
autophagy and mitophagy (but not in basal autophagy) suggests the 
existence of a common molecular network for targeting diverse 
unwanted cytoplasmic cargo to the lysosome. This network identifica- 
tion provides a basis for a more global understanding of the mechan- 
isms involved in selective autophagy. 


METHODS SUMMARY 

High-content image-based genome-wide siRNA screen. A genome-wide siRNA 
library (Dharmacon) containing 21,125 SMART pools was used for reverse trans- 
fection of HeLa/GFP-LC3 cells, followed by infection with SIN/mCherry.capsid 
virus, high content imaging using a Pathway855 automated microscope (BD 
Biosciences), quantitative image analysis, statistical analysis, and bioinformatic 
analysis as described in Supplementary Information. Primary hits were evaluated 
in three confirmation/secondary screens using the four individual siRNAs from 
each pool, including a screen for viral capsid/autophagosome colocalization, cell 
survival during SIN infection, and Parkin-induced mitophagy. 


LETTER 


Functional analyses of SMURF1. See Supplementary Information. 
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The embryonic pyruvate kinase M2 (PKM2) isoform is highly 
expressed in human cancer. In contrast to the established role of 
PKM2 in aerobic glycolysis or the Warburg effect’, its non- 
metabolic functions remain elusive. Here we demonstrate, in human 
cancer cells, that epidermal growth factor receptor (EGFR) activation 
induces translocation of PKM2, but not PKM1, into the nucleus, 
where K433 of PKM2 binds to c-Src-phosphorylated Y333 of 
B-catenin. This interaction is required for both proteins to be recruited 
to the CCND1 promoter, leading to HDAC3 removal from the pro- 
moter, histone H3 acetylation and cyclin D1 expression. PKM2- 
dependent f-catenin transactivation is instrumental in EGFR- 
promoted tumour cell proliferation and brain tumour development. 
In addition, positive correlations have been identified between c-Src 
activity, B-catenin Y333 phosphorylation and PKM2 nuclear accu- 
mulation in human glioblastoma specimens. Furthermore, levels of 
B-catenin phosphorylation and nuclear PKM2 have been correlated 
with grades of glioma malignancy and prognosis. These findings 
reveal that EGF induces [-catenin transactivation via a mechanism 
distinct from that induced by Wnt/Wingless* and highlight the essen- 
tial non-metabolic functions of PKM2 in EGFR-promoted f-catenin 
transactivation, cell proliferation and tumorigenesis. 

Because both EGFR activation and PKM2 expression are instru- 
mental in tumorigenesis*’, we examined whether EGFR activation 
regulates PKM2 functions in a subcellular-compartment-dependent 
manner. Immunofluorescence analysis showed that EGF treatment 
resulted in the nuclear accumulation of PKM2 in U87/EGFR human 
glioblastoma (GBM) cells (Fig. 1a). In addition, expression of the 
constitutively active EGFRvIII mutant in U87 cells resulted in a higher 
amount of nuclear PKM2 than was observed in EGF-untreated U87/ 
EGER cells (Supplementary Fig. 2a). The finding that EGF induces 
nuclear translocation of PKM2 was further supported by cell fractiona- 
tion analysis of DU145 prostate cancer cells, MDA-MB-231 breast 
cancer cells and U87/EGFR cells (Supplementary Fig. 2b). In addition, 
PKM1 failed to translocate into the nucleus upon EGF stimulation 
(Supplementary Fig. 2c), indicating that EGF specifically regulates 
the subcellular distribution of PKM2 in multiple types of cancer cells. 

To examine whether PKM2 directly regulates gene transcription and 
cell proliferation, we expressed PKM2 short hairpin RNA (shRNA) in 
U87/EGFR cells (Supplementary Fig. 3a). PKM2 depletion largely 
reduced both basal and EGF-induced tumour cell proliferation 
(Fig. 1b) and blocked EGF-enhanced expression of cyclin D1 and 
c-Myc (Fig. 1c), which are known to be important regulators of cell 
proliferation and downstream genes of B-catenin transactivation®. To 
examine whether these PKM2-dependent effects were mediated by 
B-catenin, we performed TCF/LEF-1 luciferase reporter analyses, show- 
ing that PKM2 depletion significantly inhibited EGF-induced }-catenin 
transactivation (Fig. 1d). In addition, chromatin immunoprecipitation 
(ChIP) analyses showed that EGFR activation resulted in increased 
binding of B-catenin to the promoter region of CCND1 (coding for cyclin 
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Figure 1 | EGF induces the PKM2-f-catenin interaction in the nucleus. 

a, U87/EGER cells were treated with or without EGF for 10h. b, U87/EGFR 
cells with or without PKM2 depletion were plated and counted 7 days after 
seeding. Data represent the means + s.d. of three independent experiments. 
c, e, U87/EGER cells with or without PKM2 depletion were treated with or 
without EGF for 24h (c) or 10h (e). IP, immunoprecipitation; WB, western 
blot. d, U87/EGFR cells with or without PKM2 depletion were transfected with 
TOP-FLASH or FOP-FLASH, which was followed by EGF treatment for 10h. 
Data represent the means + s.d. of three independent experiments. f, Myc- 
TCF4 was immunoprecipitated from PKM2-depleted or PKM2-undepleted 
U87/EGER cells treated with or without EGF for 10h. g, h, PKM2 (g) or 
B-catenin (h) was immunoprecipitated from the indicated cell fractions of U87/ 
EGER cells treated with or without EGF for 6h. i, B-Catenin 
immunoprecipitated from U87/EGFR cells with or without EGF treatment for 
6h was incubated with or without CIP (10 units) for 30 min at 37 °C followed 
by washing with PBS for three times. j, k, U87/EGFR cells stably expressing 
Flag-tagged wild-type PKM2, PKM2 K433E (j), or PKM2 K367M (k) were 
treated with or without EGF for 6h. 


1Brain Tumor Center and Department of Neuro-Oncology, The University of Texas MD Anderson Cancer Center, Houston, Texas 77030, USA. “Jiaxing Xinda Biotechnology Company, 1369 Cheng Nan Road, 
Science and Technology Building, STE 112, Jiaxing, Zhejiang Province 314000, China. 7Model Animal Research Center, State Key Laboratory of Pharmaceutical Biotechnology, Nanjing University, Nanjing 
210061, China. “Department of Pathology, The University of Texas MD Anderson Cancer Center, Houston, Texas 77030, USA. °Department of Molecular and Cellular Oncology, The University of Texas MD 
Anderson Cancer Center, Houston, Texas 77030, USA. °The University of Texas Graduate School of Biomedical Sciences at Houston, Houston, Texas 77030, USA. 


118 | NATURE | VOL 480 | 1 DECEMBER 2011 


©2011 Macmillan Publishers Limited. All rights reserved 


D1) (Fig. le) and c-Myc (data not shown), which was blocked by PKM2 
depletion. In addition, co-immunoprecipitation analyses showed that 
PKM2 depletion inhibited the EGF-induced interaction between p- 
catenin and Myc-tagged TCF4 (Fig. 1f). However, PKM2 depletion failed 
to inhibit WNT3A- or WNT1- (data not shown) induced B-catenin 
transactivation (Supplementary Fig. 3b) and cyclin D1 expression 
(Supplementary Fig. 3c). In addition, WNT3A did not induce PKM2 
nuclear translocation (Supplementary Fig. 3d). These results indicate 
that EGF induces B-catenin transactivation via a mechanism distinct 
from that induced by Wnt/Wingless* and that PKM2 expression has a 
pivotal role in EGF-, but not Wnt-induced B-catenin transactivation. 

To examine the mechanism underlying PKM2-regulated f-catenin 
transactivation, we performed co-immunoprecipitation analyses, 
showing that EGF stimulation resulted in an interaction between 
endogenous PKM2 and f-catenin in the nuclear, but not cytosolic, 
fraction of U87/EGFR cells (Fig. 1g). However, an in vitro glutathione 
S-transferase (GST) pull-down assay showed that purified GST-B- 
catenin failed to bind to purified His-PKM2 (Supplementary Fig. 4). 
These results suggest that the interaction of these two proteins might 
require post-translational modifications of the proteins. 

PKM2 binds to tyrosine-phosphorylated peptides, and expression 
of the phosphotyrosine-binding form is required for cancer cell 
growth’. To examine whether f-catenin is tyrosine phosphorylated, 
we performed immunoblotting analyses with a phospho-Tyr antibody, 
showing that EGF stimulation induced Tyr phosphorylation of immuno- 
precipitated B-catenin in the nucleus, but not in the cytosol or at the 
plasma membrane (Fig. lh). Treatment of the immunoprecipitated 
B-catenin with calf intestinal alkaline phosphatase (CIP) resulted in 
B-catenin dephosphorylation and abrogation of the PKM2-f-catenin 
interaction (Fig. li). Thus, EGF-induced Tyr phosphorylation of 
B-catenin is required for the PKM2-f-catenin interaction. 

The PKM2 K433E mutant, which fails to bind to tyrosine- 
phosphorylated peptides’, had similar glycolytic enzyme activity to its 
wild-type counterpart (Supplementary Fig. 5)’. Co-immunoprecipitation 
analyses showed that EGF treatment induced the binding of f-catenin 
to Flag-tagged wild-type PKM2, but not to the PKM2 K433E mutant 
(Fig. 1j). In contrast, a kinase-dead Flag-PKM2 K367M mutant’®”, 
acting like its wild-type counterpart, binds to b-catenin (Fig. 1k). These 
results indicate that the K433 binding residue of PKM2, but not its 
catalytic activity, is critical for the PKM2-f-catenin interaction. 

Abl and c-Src have been reported to phosphorylate B-catenin 
Pre-treatment with SU6656 (an Src inhibitor) or an Abl inhibitor 
completely abrogated EGF-induced activation of c-Src or Abl, as 
shown by the reduced levels of c-Sre (Y418) or Abl (Y412) phosphor- 
ylation (Supplementary Fig. 6a). However, inhibition of c-Src, but not 
Abl, blocked EGF-induced Tyr phosphorylation of b-catenin (Fig. 2a). 
In addition, deficiency of c-Src (Fig. 2b), but not of Abl (Supplemen- 
tary Fig. 6b), abrogated EGF-induced B-catenin Tyr phosphorylation 
and the PKM2-f-catenin interaction. These results indicate that c-Src, 
a downstream effector of EGFR, phosphorylates f-catenin, which is 
required for the PKM2-f-catenin interaction. 


12,13 


LETTER 


To examine the subcellular compartment in which c-Src phosphor- 
ylates $-catenin, we conducted fractionation analyses. We found that 
EGF stimulation resulted in the nuclear translocation of c-Src (Sup- 
plementary Fig. 6c). In addition, co-immunoprecipitation analyses 
showed that EGF treatment induced an enhanced interaction between 
B-catenin and c-Src in nuclear fractions (Fig. 2c). These results, com- 
bined with the evidence that B-catenin is phosphorylated in the nucleus 
(Fig. 1h), strongly suggest that c-Src translocates into the nucleus and 
subsequently interacts with and phosphorylates B-catenin. 

The Y86 residue of B-catenin has been shown to be phosphorylated 
by c-Sre as well as BCR-ABL'”, and analysis of the amino acid 
sequence identified an additional potential Src phosphorylation site 
at Y333. Immunoblotting analysis showed that EGF stimulation 
resulted in tyrosine phosphorylation of Flag-tagged wild-type B-catenin 
and f-catenin Y86F, but not B-catenin Y333F, which was further vali- 
dated by immunoblotting with a phospho-f-catenin Y333 antibody 
(Fig. 2d). In addition, cell fractionation analysis demonstrated that 
EGF induced B-catenin Y333 phosphorylation primarily in the nucleus 
(Supplementary Fig. 6d). Furthermore, an in vitro protein kinase assay 
showed that active c-Src was able to phosphorylate wild-type B-catenin 
(Fig. 2e), but the B-catenin Y333F mutation largely reduced total 
Tyr-phosphorylation levels and completely abrogated the Y333 phos- 
phorylation. These results reveal that c-Src binds and phosphorylates 
B-catenin at Y333 in vitro and in vivo. 

To examine whether phosphorylation of §-catenin Y333 regulates its 
binding to PKM2, we performed a GST pull-down assay by mixing 
purified GST-f-catenin and His-PKM2 with or without purified active 
c-Src. Figure 2f shows that wild-type PKM2 did not bind to unpho- 
sphorylated wild-type B-catenin. However, the presence of c-Src 
enabled the binding of wild-type PKM2 to B-catenin, which was abro- 
gated by mutation of B-catenin at Y333 or PKM2 at K433. These in vitro 
results were further validated by co-immunoprecipitation analyses, 
showing that in contrast to Flag-tagged wild-type B-catenin or B-catenin 
Y86F, Flag-B-catenin Y333F failed to bind to endogenous PKM2 
(Fig. 2g). These results indicate that c-Src-mediated B-catenin Y333 
phosphorylation is required for the PKM2-f-catenin interaction. 

We next examined the importance of the PKM2-f-catenin inter- 
action in B-catenin transactivation. Figure 3a shows that Flag—B- 
catenin Y333F failed to interact with Myc-tagged TCF4 upon EGF 
stimulation, in contrast to its wild-type counterpart. ChIP analyses 
demonstrated that Flag-tagged wild-type B-catenin bound to the 
CCND1 promoter region upon EGFR activation, which was abrogated 
by the Y333F mutation (Fig. 3b). In addition, reconstituted expression 
of the RNA interference (RNAi)-resistant (r)B-catenin Y333F mutant, 
but not of wild-type rB-catenin, in endogenous f-catenin-depleted 
U87/EGFRvVIII cells failed to induce cyclin D1 and c-Myc expres- 
sion (Fig. 3c). Furthermore, Flag-PKM2 K433E and the inactive 
Flag-PKM2 K367M mutant translocated into the nucleus upon EGF 
stimulation (Supplementary Fig. 7), but reconstituted expression of 
these mutants (Supplementary Fig. 8) failed to induce cyclin D1 
expression as did wild-type rPKM2 expression (Fig. 3d). Thus, both 
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PKM2 catalytic activity and the PKM2-f-catenin interaction are 
required for cyclin D1 expression upon EGFR activation. 

To compare downstream targets of EGF and Wnt signalling, we 
examined the expression of other Wnt/B-catenin downstream genes: 
AXIN2, DKK1 and BTrCP (also known as BTRCP)*. Quantitative reverse 
transcription—polymerase chain reaction (RT-PCR) analysis showed 
that EGF treatment increased mRNA levels of DKK1, but not of 
AXIN2 or /TrCP, which was blocked by PKM2 depletion (Supplemen- 
tary Fig. 9). These results indicate that EGF-induced and PKM2-dependent 
B-catenin transactivation induced transcription ofa set of genes, which 
do not completely overlap with those induced by Wnt signalling. 

The finding that PKM2 was not required for WNT3A-induced 
B-catenin transactivation (Supplementary Fig. 3b) suggested that 
c-Src-dependent f-catenin Y333 phosphorylation is not involved in 
Wnt-induced signalling or cell adhesion. This assumption was sup- 
ported by the results, which showed that B-catenin Y333F behaved 
similarly to wild-type B-catenin both in binding to APC, AXIN2 and 
E-cadherin and in Wnt-induced f-catenin transactivation and cellular 
functions (Supplementary Fig. 10a-g). In contrast, expression of 
B-catenin Y333F blocked EGF- but not WNT3A-induced cell migra- 
tion (Supplementary Fig. 10h). 

To investigate the mechanisms underlying PKM2- and f-catenin- 
dependent cyclin D1 expression, we performed ChIP analyses. 
Figure 3e shows that EGF induced an enhanced binding of wild-type 
Flag—-PKM2 and Flag~-PKM2 K367M, but not of Flag-PKM2 K433E, to 
the CCND1 promoter region. In addition, binding of Flag~PKM2 to the 
promoter region was not detected in ChIP analyses after f}-catenin had 
been immunodepleted from cell lysates (Fig. 3f). These results indicate 
that the PKM2-f-catenin interaction, but not PKM2 kinase activity, is 
required for both proteins to bind to the CCND1 promoter region. 

We next examined whether PKM2 binding to the CCND1 promoter 
region regulates histone H3 acetylation, which is important for gene 
transcription. ChIP analyses showed that EGF treatment resulted in a 
significant increase of histone H3 acetylation in the CCND1 promoter 
region, which was blocked by PKM2 depletion (Fig. 3g). Reconstituted 
expression of rPKM2 K433E and the inactive rPKM2 K367M mutant 
failed to restore EGF-induced histone H3 acetylation, compared with 
the wild-type protein. 

To understand further the mechanism underlying PKM2-regulated 
histone H3 acetylation, we performed ChIP analyses with antibodies 
against ubiquitously expressed histone deacetylase (HDAC)1, HDAC2 
and HDAC3 (ref. 14). Figure 3h shows that HDAC3, but not HDACI or 


HDAC2 (Supplementary Fig. 11a), was pre-bound to the CCND1 pro- 
moter. EGF treatment resulted in the disassociation of HDAC3 from the 
CCND1 promoter, and this disassociation was blocked by PKM2 deple- 
tion. Furthermore, reconstituted expression of wild-type rPKM2, but 
not of rPKM2 K367M or rPKM2 K433E mutants, was able to restore 
EGF-induced disassociation of HDAC3 from the promoter (Fig. 3h). 
These results indicate that the kinase activity of PKM2 and its binding 
with B-catenin to the CCND1 promoter region are required for HDAC3 
removal from the promoter. An additional co-immunoprecipitation 
analysis showed that wild-type PKM2, but not PKM2 K367M, inter- 
acted with HDAC3 upon EGF treatment (Supplementary Fig. 11b). 
These results suggest that PKM2 can interact with HDAC3 in an active 
conformation, which facilitates HDAC3 removal from the CCND1 
promoter, acetylation of histone H3, and cyclin D1 expression. 

To support the findings that EGF-induced and c-Src-dependent 
PKM2-f-catenin interaction and subsequent cyclin D1 expression 
are not cell-line specific, we treated GSC11 and GSC23 human primary 
GBM cells with EGF. Supplementary Fig. 12a shows that EGF treatment 
results in nuclear translocation of PKM2 and cyclin D1 expression in 
these cells. In addition, EGF-induced phosphorylation of B-catenin 
Y333 (Supplementary Fig. 12b) and its association with PKM2 
(Supplementary Fig. 12c) were blocked by pre-treatment with SU6656. 

We next examined the significance of the PKM2-f-catenin inter- 
action in tumour cell proliferation. Figure 4a shows that U87/EGFRvIII 
cells proliferated much faster than did parental U87 cells. Expression of 
B-catenin shRNA (Fig. 3c) largely inhibited U87/EGFRvIII cell pro- 
liferation, which was rescued by reconstituted expression of wild-type 
rpB-catenin, but not of the rB-catenin Y333F mutant (Fig. 4a). In addi- 
tion, EGFRvIII-promoted cell proliferation was similarly inhibited by 
PKM2 depletion, which was rescued by the reconstituted expression of 
wild-type rPKM2, but not of the rPKM2 K433E or rPKM2 K367M 
mutant (Supplementary Fig. 13a and Fig. 4b). 

B-Catenin-regulated cyclin D1 expression is critical for G1-S phase 
transition and cell cycle progression’*. Depletion of B-catenin or 
PKM2 resulted in an accumulation of U87/EGFRvIII cells in G0/G1 
phase, which was rescued by reconstituted expression of wild-type 
rB-catenin or wild-type rPKM2, but not of the rB-catenin Y333F or 
rPKM2 K433E mutant (Supplementary Fig. 13b). Thus, the PKM2-B- 
catenin interaction is essential for cell cycle progression. 

To determine the role of PKM2-dependent f-catenin transactiva- 
tion in brain tumour development, we intracranially injected U87 or 
U87/EGFRvVIII cells into athymic nude mice. U87 cells did not form a 
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detectable tumour 2 weeks after injection (Fig. 4c, bottom left). In 
contrast, U87/EGFRvIII cells elicited rapid tumorigenesis (Fig. 4c, 
top left). Notably, depletion of B-catenin (Fig. 4c, top) or PKM2 
(Fig. 4c, bottom) abrogated EGFRvIII-driven tumour growth, which 
was rescued by expression of wild-type rfB-catenin or wild-type 
rPKM2, but not of the rB-catenin Y333F or rPKM2 K433E mutant. 
Similar results were obtained using GSC11 cells (Supplementary 
Fig. 14a). In addition, adding doxycycline to the drinking water 14 
days after intracranial injection of GSC11 cells that expressed a 
tetracycline-inducible PKM2 shRNA partially depleted PKM2 
expression in tumour tissues and inhibited tumour growth (Sup- 
plementary Fig. 14b). Thus, the PKM2-f-catenin interaction and 
PKM2 expression is instrumental in tumour growth. 

To support further the role of c-Src in EGFR-induced B-catenin 
transactivation in vivo, we injected SU6656 intratumorally, which sig- 
nificantly blocked tumour growth (Supplementary Fig. 15a, b), 
reduced the phosphorylation levels of c-Src Y418 and f-catenin 
Y333, and inhibited cyclin D1 expression in tumour tissue (Sup- 
plementary Fig. 15c). The requirement of B-catenin transactivation 
in tumorigenesis was also examined by expression of WNT1 in U87/ 
EGFRvIII-PKM2 shRNA cells. WNT1 expression resulted in the 
induction of cyclin D1 (Supplementary Fig. 16a) and largely rescued 
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PKM2 depletion-blocked tumorigenesis (Supplementary Fig. 16b, c). 
In addition, this effect was further enhanced using WNT 1-expressing 
U87/EGFRvIII cells with reconstituted expression of rPKM2 K433E, 
which retains its catalytic activity for glycolysis. These results suggest 
that, whereas the metabolic function of PKM2 has a critical role in 
aerobic glycolysis’ and tumorigenesis, brain tumour development pro- 
moted by EGFR requires PKM2-modulated f-catenin transactivation. 

Analysis of publicly available microarray data sets (Affymetrix, U133) 
from The Cancer Genome Atlas (TCGA) and other sources'*'? revealed 
acorrelation of c-Myc and CCND1 expression with EGFR expression in 
GBM samples (Supplementary Fig. 17). In addition, phosphorylation 
levels of B-catenin Y333 correlated with phosphorylation levels of 
activated c-Src in seven human primary GBM cell lines (Supplemen- 
tary Fig. 18). 

We next performed immunohistochemical (IHC) analyses to 
examine c-Src activity, B-catenin Y333 phosphorylation, and PKM2 
nuclear localization in serial sections of 55 human primary GBM 
specimens by using antibodies with validated specificities (Supplemen- 
tary Fig. 19). Figure 4d shows that the levels of c-Src Y418 phos- 
phorylation, B-catenin Y333 phosphorylation, and nuclear PKM2 
expression were correlated with each other. In addition, b-catenin 
Y¥333 phosphorylation accumulated in the nuclei of a large percentage 
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of tumour cells (Fig. 4d, left). Quantification of the staining upon a 
scale of 0 to 8.0 showed that these correlations were significant (Sup- 
plementary Fig. 20). The survival durations of 84 patients, all of whom 
received standard adjuvant radiotherapy after surgery, followed by 
treatment with an alkylating agent (temozolomide in the majority of 
cases), with low (0-5 staining) versus high (5.1-8 staining) B-catenin 
Y333 phosphorylation and nuclear PKM2 expression were compared. 
Patients whose tumours had low B-catenin Y333 phosphorylation or 
nuclear PKM2 expression had a median survival of 185.2 and 130.0 
weeks, respectively. The median survival of patients decreased to 69.4 
and 82.5 weeks, respectively, when their tumours showed high levels of 
B-catenin Y333 phosphorylation or nuclear PKM2 expression. In a 
Cox multivariate model, the IHC scores of B-catenin phosphorylation 
(Fig. 4e) and nuclear PKM2 expression (Fig. 4f) were independent 
predictors of glioblastoma patient survival, after adjusting for the age 
of the patient, a relevant clinical covariate. These results support the 
role of PKM2 association with c-Src-phosphorylated B-catenin Y333 
in the clinical behaviour of human GBM and reveal a relationship 
between B-catenin Y333 phosphorylation/nuclear PKM2 localization 
and clinical aggressiveness of the tumour. These findings were further 
supported by IHC analyses, showing significantly lower levels of 
B-catenin Y333 phosphorylation in low-grade diffuse astrocytoma 
(30 cases) (World Health Organization (WHO) grade II; median sur- 
vival time >5 years) than were present in GBM specimens (WHO 
grade IV)*° (Supplementary Fig. 21). 

We previously showed that GSK-3B-independent transactivation of 
B-catenin by growth factor receptor occurs by mechanisms distinct 
from Wnt-dependent canonical signalling*’’*’. In this study, we 
describe an important and previously unknown mechanism under- 
lying EGFR activation-induced f-catenin transactivation through 
interaction with PKM2, which has a critical role in transcription of 
CCND1 and c-Myc (Supplementary Fig. 1). The understanding that 
phosphorylation of B-catenin Y333 and its interaction with PKM2 are 
required for tumour cell proliferation and tumour development, and 
that the levels of B-catenin Y333 phosphorylation and nuclear PKM2 
correlate with grades of glioma malignancy and prognosis, may pro- 
vide a molecular basis for improved diagnosis and treatment of 
tumours with activated EGFR and upregulated PKM2. Our findings, 
in combination with previous reports’, delineate two essential 
mechanisms underlying tumour development by regulation of meta- 
bolic and non-metabolic functions of PKM2: (1) PKM2 enhances 
aerobic glycolysis’**; and (2) PKM2 promotes tumour cell proliferation 
by binding to and transactivating Y333-phosphorylated f-catenin. 
Thus, PKM2 has dual roles that are essential for tumorigenesis: regu- 
lating cancer cell metabolism and gene transcription required for cell 
proliferation. The coordinated control of metabolism and proliferation 
by PKM2 is essential for tumorigenesis. 


METHODS SUMMARY 


Detailed methodology can be found in Methods. In short, the luciferase reporter 
gene assay, immunoprecipitation and immunoblotting analysis, purification of 
recombinant proteins, in vitro kinase assays and cell migration assay were per- 
formed as previously described'**'”?. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Cells and cell culture conditions. U87, U87/EGFR and U251 GBM cells; DU145 
prostate cancer cells; MDA-MB-231 breast cancer cells; A431 epidermoid carcinoma 
cells and NIH3T3, 293T, c-SRC*’*, c-SRC /~, ABL*’* and ABL /~ cells were 
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 
10% bovine calf serum (HyClone). Human primary GBM cells were maintained in 
DMEM/F- 12 50/50 supplemented with B27, EGF (10 ng ml !), bFGE (10 ng ml 1), 
Rat pheochromocytoma PC12 cells were maintained in DMEM supplemented with 
10% horse serum and 5% fetal bovine serum. Cell cultures were made quiescent by 
growing them to confluence, and the medium was replaced with fresh medium 
containing 0.5% serum for 1 day. EGF with 100ngml * final concentration was 
used for cell stimulation. 

Materials. Rabbit polyclonal antibodies recognizing phospho-f-catenin Y333, 
PKM1, PKM2, c-Src, Abl, phospho-Abl Y412 and c-Myc were obtained from 
Signallway Biotechnology. A mouse antibody recognizing phospho-tyrosine was 
obtained from BD Biosciences. A monoclonal antibody against phospho-c-Sre 
Y418 was purchased from Millipore. Polyclonal antibodies for cyclin D1 and 
PCNA and monoclonal antibodies for B-catenin and Myc tag were purchased 
from Santa Cruz Biotechnology. A polyclonal antibody of acetylated histone H3 
and a monoclonal antibody for HDAC3 were obtained from Upstate 
Biotechnology. EGF and mouse monoclonal antibodies for Flag, GST, His and 
tubulin were purchased from Sigma. Hygromycin, puromycin, G418, SU6656, Abl 
inhibitor, cycloheximide, DNase-free RNase A and propidium iodide were pur- 
chased from EMD Biosciences. Active c-Src was obtained from Signallchem. 
Hoechst 33342 and Alexa Fluor 488 goat anti-rabbit antibody was from 
Molecular Probes. HyFect transfection reagents were from Denville Scientific. 
GelCode Blue Stain Reagent was obtained from Pierce. 

Transfection. Cells were plated at a density of 4 X 10° per 60-mm dish 18h before 
transfection. Transfection was performed as previously described’. 
Immunoprecipitation and immunoblotting analysis. Extraction of proteins 
with a modified buffer from cultured cells was followed by immunoprecipitation 
and immunoblotting with corresponding antibodies, as described previously”. 
Cell proliferation assay. 2 X 10° cells were plated and counted 7 days after seed- 
ing in DMEM with 0.5% bovine calf serum. Data represent the means + s.d. of 
three independent experiments. 

DNA constructs and mutagenesis. PCR-amplified human PKM1 was cloned 
into pcDNA3.1/hygro (+) vector between BamHI and Xhol. PCR-amplified 
human PKM2 was cloned into pcDNA3.1/hygro (+) vector between BamHI 
and NotI. §-Catenin was subcloned into pGEX-4T-1 vector between BamHI 
and NotI. pcDNA 3.1/hygro (+)-PKM2, -K433E, -K367M, pcDNA 3.1/hygro 
(+)-fB-catenin Y86F, and -f-catenin Y333F were made using the QuikChange 
site-directed mutagenesis kit (Stratagene). pCDNA 3.1-rPKM2 contains muta- 
tions of C1192T and C1194G. 

The pGIPZ control was generated with a control oligonucleotide 
GCTTCTAACACCGGAGGTCTT. pGIPZ PKM2 shRNA and pTRIPZ PKM2 
shRNA were generated with TTATTTGAGGAACTCCGCCGC oligonucleotide 
targeting exon 10 of the PKM2 transcript. pGIPZ B-catenin shRNA was generated 
with CATGCACAAGAATGGATCACAA. 

Flow cytometry analysis. 1 X 10° treated cells were fixed in cold 70% ethanol for 
3h, spun down, and incubated for 1h at 37 °C in PBS with DNase-free RNase A 
(100 pg ml~') and propidium iodide (50 jig ml~'). Cells were then analysed by 
fluorescence-activated cell sorting (FACS). 

Purification of recombinant proteins. The wild-type and mutants of GST-B- 
catenin were expressed in bacteria and purified as described previously". 

In vitro kinase assays. The kinase reactions were performed as described 
previously”. 

Luciferase reporter gene assay. The transcriptional activation of B-catenin in 
293T cells was measured as previously described”. The relative levels of luciferase 
activity were normalized to the levels of untreated cells and to the levels of luciferase 
activity of the Renilla control plasmid. 

ChIP assay. ChIP was performed using an Upstate Biotechnology kit. Chromatin 
prepared from cells (in a 10-cm dish) was used to determine total DNA input and 
for overnight incubation with the specific antibodies or with normal rabbit or 
mouse immunoglobulin G. The human CCND1 promoter-specific primers used in 
PCR were 5'’-GGGGCGATTTGCATTTCTAT-3’ (forward) and 5'-CGGTCG 
TTGAGGAGGTTGG-3’ (reverse). 

Immunofluorescence analysis. Immunofluorescence analysis was performed as 
described previously”. 

Subcellular fractionation. Nuclei, cytosol and cell membranes were isolated 
using the Nuclear Extract Kit from Active Motif North America and the 
ProteoExtract Subcellular Proteome Extraction Kit from Calbiochem. 
Immunohistochemical analysis. Mouse tumour tissues were fixed and 
prepared for staining. The specimens were stained with Mayer’s haematoxylin 
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and subsequently with eosin (Biogenex Laboratories). Afterwards, the slides were 
mounted using Universal Mount (Research Genetics). 

The tissue sections from paraffin-embedded human GBM specimens were 
stained with antibodies against phospho-c-Src Y418, phospho-f-catenin Y333, 
PKM2, or nonspecific IgG as a negative control. We quantitatively scored the 
tissue sections according to the percentage of positive cells and staining intensity, 
as previously defined”’. We assigned the following proportion scores: 0 if 0% of the 
tumour cells showed positive staining, 1 if 0% to 1% of cells were stained, 2 if 1% to 
10% stained, 3 if 11% to 30% stained, 4 if 31% to 70% stained, and 5 if 71% to 100% 
stained. We rated the intensity of staining on a scale of 0 to 3: 0, negative; 1, weak; 2, 
moderate; and 3, strong. We then combined the proportion and intensity scores to 
obtain a total score (range, 0-8), as described previously”'. Scores were compared 
with overall survival, defined as the time from date of diagnosis to death or last 
known date of follow-up. All patients received standard adjuvant radiotherapy 
after surgery, followed by treatment with an alkylating agent (temozolomide in the 
majority of cases). The use of human brain tumour specimens and the database 
was approved by the institutional review board at MD Anderson Cancer Center. 
Intracranial injection. We intracranially injected 5 X 10° GBM cells (in 5 ul of 
DMEM per mouse), with or without regulation of B-catenin or PKM2 expression, 
into 4-week-old female athymic nude mice. The intracranial injections were per- 
formed as described in a previous publication”®. Seven mice per group in each 
experiment were included. Animals injected with U87/EGFRvIII or GSC 11 cells 
were killed 2 weeks or 30 days after glioma cell injection, respectively. The brain of 
each mouse was harvested, fixed in 4% formaldehyde, and embedded in paraffin. 
Tumour formation and phenotype were determined by histological analysis of 
H&E-stained sections. 

For doxycycline induction studies, 7 mice were killed 14 days after GBM cell 
injection to examine tumour growth, whereas the remaining 14 mice in two groups 
were fed with or without water containing 800 1g ml! doxycycline. The water 
containing doxycycline was changed every 3 days. The mice in these two groups 
were killed at day 30. For the SU6656 treatment studies, 7 mice were killed 5 days 
after U87/EGFRvIII cell injection to examine tumour growth, whereas the remain- 
ing 14 mice in two groups were treated with either DMSO or SU6656. SU6656 
(0.015 mg kg” * in 5 pl of DMSO) was intracranially injected into the tumour every 
3 days, and the mice in both groups were killed at day 14 after GBM cell injection. 
Neurite extension assay. Mouse NGF (Upstate Biotechnology) was added at 
100ngml to PC12 cells in culture, and the medium was changed every 3 days. 
Two hundred cells from 10 randomly chosen microscopic fields for each condition 
were examined. A cell was considered to respond to NGF if it extended neurites at 
least two cell bodies long after the incubation duration. 

Pyruvate kinase assay. The activity of bacterially purified wild-type PKM2 
(0.1 ug) and PKM2 K433E (0.1 1g) towards PEP was measured by a pyruvate 
kinase assay (BioVision), according to the manufacturer’s instruction. Data rep- 
resent the mean = s.d. of three independent experiments. 

Cell migration assay. Matrigel-transwell assay was performed as described 
previously”. 

Lentivirus preparation. We transfected 293T cells in 150-mm plates with 12 1g 
pFU-CGW WNTI, 411g pMDL, 4 ug pRSV-Rev, and 4 ug pCMV-VSVG, a plas- 
mid encoding the G-protein of the vesicular stomatitis virus (VSV-G) envelope. 
The medium was changed the next day. The medium containing lentivirus was 
harvested at 48 h and 72 h after transfection. Virus particles were concentrated and 
purified by ultra-high-speed centrifugation (25,000g for 2h at 4 °C). Cells were 
infected with lentivirus (1 < 10°) in the presence of 6 ug ml polybrene (Sigma). 
Quantitative real-time PCR. Total RNA was extracted using a RNA High-purity 
Total RNA Rapid Extraction Kit (Signallway Biotechnology). cDNA was prepared 
using oligonucleotide (dT), random primers, and a Thermo Reverse Transcription 
kit (Signallway Biotechnology). Quantitative real-time PCR analysis was performed 
using 2X SIBR real-time PCR Premixture (Signallway Biotechnology) under the 
following conditions: 5 min at 95 °C followed by 40 cycles at 95 °C for 30 s, 55 °C for 
40s, and 72 °C for 1 min using an ABI Prism 7700 sequence detection system. Data 
were normalized to expression of a control gene (b-actin) for each experiment. 

The following primer pairs were used for quantitative real-time PCR: DKK1, 
5'-CATTGACAACTACCAGCCGTAC-3’ (forward) and 5'-GGGCAGCACAT 
AGCGTGA-3’ (reverse); AXIN2, 5’-GGGAGCCTAAAGGTCGTG-3’ (forward) 
and 5’-GGGTTCTCGGGAAATGAG-3’ (reverse); BTRCP, 5’-CCCCAACTGA 
CATTACCC-3’ (forward) and 5'-TCGAATACAACGCACCAA-3" (reverse); 
B-actin, 5’-ATGGATGACGATATCGCTGCGC-3' (forward) and 5'-GCAGC 
ACAGGGTGCTCCTCA-3’ (reverse). 
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Endocycles are variant cell cycles comprised of DNA synthesis (S)- 
and gap (G)-phases but lacking mitosis’’. Such cycles facilitate 
post-mitotic growth in many invertebrate and plant cells, and are 
so ubiquitous that they may account for up to half the world’s 
biomass**. DNA replication in endocycling Drosophila cells is 
triggered by cyclin E/cyclin dependent kinase 2 (CYCE/CDK2), 
but this kinase must be inactivated during each G-phase to allow 
the assembly of pre-Replication Complexes (preRCs) for the next 
S-phase*®. How CYCE/CDK2 is periodically silenced to allow re- 
replication has not been established. Here, using genetic tests in 
parallel with computational modelling, we show that the endocycles 
of Drosophila are driven by a molecular oscillator in which the 
E2F1 transcription factor promotes CycE expression and S-phase 
initiation, S-phase then activates the CRL4©”” ubiquitin ligase, 
and this in turn mediates the destruction of E2F1 (ref. 7). We pro- 
pose that it is the transient loss of E2F1 during S phases that creates 
the window of low Cdk activity required for preRC formation. In 
support of this model overexpressed E2F1 accelerated endocycling, 
whereas a stabilized variant of E2F1 blocked endocycling by de- 
regulating target genes, including CycE, as well as Cdk1 and mitotic 
cyclins. Moreover, we find that altering cell growth by changing 
nutrition or target of rapamycin (TOR) signalling impacts E2F1 
translation, thereby making endocycle progression growth- 
dependent. Many of the regulatory interactions essential to this 
novel cell cycle oscillator are conserved in animals and plants’*, 
indicating that elements of this mechanism act in most growth- 
dependent cell cycles. 

S-phase control in proliferating animal cells depends on the E3 
ubiquitin ligase, APC ZY (FZY is also known as CDC20), which is 
activated by a cyclin-CDK1 complex during mitosis. APC'“” pro- 
motes the degradation of mitotic cyclins, thereby extinguishing 
CDK1 activity following mitosis, and it also promotes the degradation 
of geminin (also known as Gem), an inhibitor of the preRC component 
Cdt1. The combination of low geminin and low cyclin-CDK1 activity 
during early G1 allows the assembly of preRCs containing origin 
recognition complex (ORC) proteins, CDC6, double parked (DUP, 
encodes the Drosophila orthologue of CDT1), and MCM2-7 onto 
replication origins, thus ‘licensing’ the DNA for renewed replication’. 
Drosophila endocycling cells do not express mitotic cyclin-CDK1 com- 
plexes or APC ZY (refs 10, 11), and so this mechanism of S-phase 
regulation cannot apply to them. These endocycles do however use 
CYCE/CDK2 to trigger S-phases'** (Fig. 1, 2), and they also require 
the Gl-specific APC variant, APCE2/Cahr which mediates cyclic degra- 
dation of cell cycle factors including geminin and ORCI (refs 10, 14). 
Importantly, whereas overexpressed CYCE/CDK2 is tolerated in 


mitotic cell cycles’, it blocks endocycling (Fig. 2, 3)°°. This is likely 
due to CYCE/CDK2’s ability to suppress APC'””“""" and drive gemi- 
nin accumulation’®’*"*, although CYCE may also inhibit preRC forma- 
tion directly by phosphorylating preRC components. The importance 
of CYCE oscillation for endocycling is underscored by the finding that 
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Figure 1 | Wild-type salivary gland endocycles. a-c, In situ hybridization of 
wild-type (WT) 72h AED glands to the indicated mRNAs. d-f, WT salivary 
glands at 72 h AED double-labelled for E2F1 (green) and BrdU (red) (d), CYCE 
(red) and BrdU (green) (e), or CYCE (red) and E2F1 (green) (f). Graphs show 
nuclear concentrations measured from micrographs of two to three glands, in 
which each dot represents one nucleus. Shaded region (blue) shows trajectory 
of E2F1/CYCE oscillations with an arrow indicating the expected temporal 
progression. g, Simplified schematic of the computational model. See 
Supplementary Fig. 4. h, Time plot for WT predicted by the model. i, Nuclear 
concentrations predicted by the model; arrow represents temporal progression. 
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Figure 2 | Genetic tests of the endocycle mechanism. a, Salivary glands 
(centred) and associated fat body (above or below; FB) from 72h AED larvae 
expressing the indicated genes under ptc-Gal4/UAS control. ptc-Gal4 expresses 
in salivary glands but not in fat body. Left column shows DNA (blue) and BrdU 
(red) incorporated from 71-72h AED. Middle column shows E2F1 (green). 
Right column shows E2F1 and BrdU. All images had identical exposures and 
magnifications. Graphs (right) show simulated time plots of E2F1 (green) 
CYCE (red) protein levels and CRL4°?” activity (blue) for each genotype. See 
Supplementary Table 1 for parameters. b, Nuclear DNA values from 96 h AED 
glands. For each genotype about 40 nuclei from 6-20 salivary glands were 
analysed. Error bars represent standard deviations. ptc-Gal4 drove expression 
of the UAS-linked transgenes indicated with ‘+’. Dp’, Dp**/Df(2R)Exel7 124 
mutant. E2fl‘~, E2f1”'” mutant cells generated by mitotic recombination. 
cdk2~’~ mutant glands were generated as described in methods. ¢, Salivary 
glands expressing wild-type GFP-E2F1 (above) or GFP-E2F1"!"34 (below). 
Layout as in a. EdU, 5-ethynyl-2’-deoxyuridine. 
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archipelago (AGO, also known as Cdc4 and Fbw7), which promotes 
CYCE degradation as a component of an SCF ubiquitin ligase, is 
required for the progression of endocycles, but not mitotic cycles 
(Supplementary Fig. 1)'’. Despite its importance, the mechanism con- 
trolling CYCE/CDK2 periodicity in the endocycle has remained 
obscure for over a decade. 

We addressed this problem in Drosophila larval salivary glands, which 
undergo ~10 asynchronous endocycles from ~7-96 h after egg depos- 
ition (h AED), reaching a final ploidy of ~1,350 C (ref. 18) Studies in the 
fly ovary had suggested that the CYCE/CDK2 inhibitor dacapo (DAP) 
might periodically silence CDK2 during endocycling”, but our analysis 
ruled this out for salivary glands (Supplementary Fig. 2)'°. Hence we 
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asked whether cyclic CYCE/CDK2 activity might be controlled 
transcriptionally. CycE transcription is regulated by the E2F1 transcrip- 
tion factor?®**, the accumulation of which is periodic in mitotic 
Drosophila cells’’**° because it is targeted for degradation during S 
phase by the PCNA/replication fork-associated E3 ubiquitin ligase 
CRL4°? (ref. 7). In the salivary cells, E2f1 mRNA was ubiquitous 
(Fig. 1c) but E2F1 protein was cyclic, being virtually absent in S-phase 
nuclei (Figs 1d, 2a). Continuously overexpressed E2F1 proteins were 
also depleted from S-phase nuclei (Figs 2c, 3c), consistent with periodic 
degradation. This implied that E2F-dependent transcription might also 
oscillate. Indeed, the mRNAs encoding CycE and two other E2F targets, 
RarS and pena (also known as mus209) were periodic (Figs 1, 3 and 
Supplementary Fig. 15, see also ref. 13). These mRNAs accumulated 
when E2F1 was overexpressed (Fig. 3a) and were reduced in mutants for 
Dp, the obligate dimerization partner of E2F1 (Supplementary Fig. 15). 
Thus periodic CycE expression is probably due to periodic activity of its 
regulator, E2F. CYCE protein was also cyclic, being present during a bit 
of each gap phase and much of each S-phase (Fig. 1e)'*”°. Based on these 
and other results'® we determined that E2F1 accumulates during G 
phases and is destroyed upon entry into S phase, whereas its target 
CYCE rises late in G phases and persists through most of each S phase. 

These observations suggested that endocycles run using a molecu- 
lar oscillator in which E2F1 promotes CycE transcription, and then 
CYCE/CDK2 triggers S-phase and the consequent destruction of 
E2F1 to reset the cycle (Fig. 1g). To evaluate this hypothesis we built 
a computational model that translated known regulatory interactions 
into a system of delay differential equations describing the concen- 
trations of E2F1, RBF, CYCE, geminin and DUP, and the activities of 
ApcC’’"4! and CRL4°?™ (Fig. 1g, Supplementary Methods and 
Supplementary Figs 4, 5). In this model, when CYCE was low geminin 
was degraded by APC'””““, allowing preRC licensing through 
DUP. High CYCE suppressed APC'”“""" activity and allowed gemi- 
nin accumulation, and also triggered phosphorylation of RBF, 
S-phase initiation, activation of CRL4°?” and the subsequent degra- 
dation of E2Fl1 and DUP. The model’s behaviour depended on 
unmeasured parameters representing biochemical kinetics 
(Supplementary Table 1), but Monte-Carlo searches found numerous 
parameters sets that simulated actual endocycles (Fig. 1h, i). The model 
robustly produced oscillations of its components despite quantitative 
parameter variation (Supplementary Figs 6-9) and did not require 
exquisitely tuned kinetics to reproduce oscillations like those observed 
in vivo (Supplementary Discussion). 

We tested the computational model by challenging it to reproduce the 
results of genetic experiments performed in parallel. The model repro- 
duced nearly all observed mutant and gene overexpression phenotypes 
(Fig. 2 and Supplementary Fig. 10). Notably, it predicted that increasing 
E2F1 should accelerate endocycling and lead to hyper-polyploidy, as 
subsequently observed experimentally (Figs 2, 3 and Supplementary 
Fig. 11). As predicted, we observed increased relative DNA amounts 
in E2f1*’* cells generated in an E2f1*’~ background, and found 
that E2f1”'”? homozygous null mutant cells supported essentially no 
endocycling (Fig. 2b and Supplementary Fig. 13). Thus both loss- and 
gain-of-function experiments indicated that E2F1 is an essential dose- 
dependent regulator of endocycle progression. 

An important prediction of the computational model was that 
periodic E2F1 destruction should be essential for endocycling. 
Drosophila E2F1 is targeted for proteolysis during S phase via a con- 
served motif, the PIP box, which binds the replication fork-associated 
protein, PCNA, and mediates interaction with the CRL4CP? ubiquitin 
ligase’. Consistent with model predictions, a stabilized but active form 
of E2F1 lacking the PIP box (green fluorescent protein-conjugated 
GFP-E2F1”"”*4)’ blocked endocycle progression (Figs 2, 3 and Sup- 
plementary Fig. 11). Likewise RNA interference against CUL-4, a 
CRL4°?"? component, arrested endocycling (Fig. 2b and Supplemen- 
tary Figs 11 and 12). Levels of E2F1 in cells arrested by GFP-E2F1°'?** 
were not higher than in control GFP-E2Fl-expressing cells that 
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Figure 3 | Endocycle arrest by stabilized E2F1. a-d, Expression of WT GFP- 
E2F1 with ptc-Gal4 promoted endocycling with cyclic cycE (a) and Gem 

(c), whereas GFP-E2F"!?*4 caused endocycle arrest with uniform cycE (b) and 
Gem (d) expression. e, Chromatin (C) values per nucleus for the indicated 
genotypes and time points. For each genotype about 40 nuclei from 10-20 
salivary glands were analysed. Error bars represent standard deviations. 
*Residual EdU incorporation was detectable, but no endocycle oscillations. 
f-g, CycA expression in WT (f) or GEP-E2FP P34 (g). Arrowhead (f) indicates 
diploid imaginal ring cells. h, RT-PCR measurements of the indicated 


cycled, suggesting that this arrest was due to inappropriately timed 
expression of E2F1 rather than its excessive accumulation (Fig. 3h and 
Supplementary Fig. 11). Hence S-phase-dependent degradation of 
E2F1 is essential for endocycling. 

One discrepancy between the data and our model was that whereas 
the model could not readily predict endocycling without E2F (Sup- 
plementary Fig. 10), Dp and E2fl E2f2 mutants support endocy- 
cling”'’*?°. Our analysis showed that although DP protein was barely 
detectable in Dp mutant glands (Supplementary Fig. 15) cells in these 
mutants nevertheless endocycled slowly and sustained periodic 
expression of CycE and RnrS, and geminin oscillation (Fig. 2b and 
Supplementary Figs 14 and 15). One explanation for these apparently 
discrepant observations is that residual maternal E2F activity persists 


log(Ratio) 


LETTER 


BrdU/EdU 

72-74h 

84-86 h 

96-88 h 

108-110 h 

WT + CycE 

WT + HA-Rcai 

WT + GFP-E2F1 

WT + GFP-E2F1PIP3A 
Gem"- 

Gem + CycE 
Gem + HA-Rca1 
Gem + GFP-E2F1 
Gem + GFP-E2F1P!P34 


NY MD DMP PP ee LPL 
TOUS pe 
C value 
E2F1 overexpression E2fa/- 
Cyclin B3 Cyclin B3 
Cyclin B Cyclin B 
Cyclin A Cyclin A 
STG STG 
CDK-1 CDK-1 
RNRS RNRS 
DP DP 
Cyclin E Cyclin E 
E2F1 E2F1 
-1 0 1 2 -1 0 1 2 3 
8) GrP-e2F1 (0) 72-74h [84-86 h 


Ws GFp-E2F1PIrsa Ml 96-98 h J 108-110h 


mRNAs, from 72 h AED salivary glands expressing GFP-E2F1 (green) or GFP- 
E2F1'P?4 (red). i, CycA and CDK] accumulation in E2f2 mutant cells, 
generated by MARCM mitotic recombination. GFP in i marks mutant cells 
(outlined). CDK1 in bottom right panel was detected using anti-PSTAIRE 
antibody. j, RT-PCR measurements of the indicated mRNAs, from E2f2 
mutant glands at the indicated time points. Log10(Ratio)s for h and j are 
relative to WT controls. Error bars represent standard deviations derived from 
three to four biological replicates. 


in these mutants. Consistent with this possibility we found that GFP- 
E2F1"*4 was able to block endocycling in Dp mutants (Sup- 
plementary Fig. 16). Given this observation, the Dp mutant phenotype 
cannot be construed as confounding the model (see Supplementary 
Discussion). 

We next asked how stabilized E2F1 arrests endocycling. Consistent 
with model predictions, cells arrested by GFP-E2F1"!?34 or CUL-4- 
RNAi accumulated CycE and geminin (Fig. 3). In these arrested cells, 
however, Geminin accumulation occurred following rather than 
before arrest (Supplementary Fig. 12), indicating that it did not 
initiate the arrest. Interestingly, geminin-null mutant glands supported 
rather normal endocycles (Supplementary Fig. 17), but arrest by RCA1 
(refs 10, 14), an APC!””©*"! inhibitor, was substantially rescued in 
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the geminin mutants (Fig. 3e and Supplementary Fig. 18). This demon- 
strates that the predominant function of APC'’’“‘" in these 
endocycles is the degradation of geminin. Importantly, geminin 
mutant cells could be arrested by ectopic CYCE!®"* or E2F1"'°4 
(Fig. 3e and Supplementary Figs 18, 19). We conclude that whereas 
geminin accumulation might consolidate the arrest caused by excess 
E2F1, it is neither initiating nor essential for this arrest. 

Further investigations revealed that CYCLIN A, CYCLIN B3 and 
CDK1 accumulated in E2F1°"**-arrested cells (Fig. 3i and Supplemen- 
tary Fig. 20). These G2/M regulators are not normally expressed in 
endocycling cells*"®. Large inductions of the mRNAs encoding 
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Figure 4 | E2F1 is a growth sensor. a, Salivary glands labelled for DNA (blue), 
E2F1 (green) and incorporated BrdU (red). Fed Control (WT) was labelled with 
BrdU at 48 hand fixed at 49 h. ‘Starved’ animals were transferred to protein-free 
media at 48 h AED, labelled with BrdU at 96 h, and fixed at 97h AED. ptc-Gal4 
drove expression of UAS-E2F1/DP or UAS-Rheb in the lower two panels. C 
values are average nuclear DNA values from 10 glands measured at 120 h AED. 
b, Immunoblot of salivary glands as in a, with quantification, normalized to 
tubulin, below. c, mRNA levels from starved and fed control glands, measured 
by qRT-PCR. d, mRNA levels from 3-day protein-starved (black) or fed control 
(red) whole larvae, quantified from polysome gradient fractions by RT-PCR. 
x axis indicates gradient fraction number. e, Computational simulation of 
starvation by reducing total protein synthesis (TN). In the ‘20% TN + E2Fl’ 
graph, translation of E2F1 was 100% of normal but translation of all other 
proteins was reduced to 20%. Graphed values (b, c) include standard deviations 
calculated from three independent biological samples. 


these factors were observed (Fig. 3h), suggesting transcriptional de- 
repression. Consistent with this notion these factors were also induced 
in cells mutant for E2/2, Drosophila’s repressor E2F (Fig. 3i, j). This 
suggests that, as in mitotic cells*’, excess E2F1 may displace E2F2 and 
thereby derepress its targets. In this context E2F2 appears to act as a 
selectivity factor that represses mitotic targets in endoreplicating cells. 
Given that CDK1 is a potent suppressor of PreRCs that can arrest 
endocycle progression’, its derepression probably contributed to endo- 
cycle arrest by E2F1°'P*. 

Altogether our results indicate that periodic E2F1 degradation is 
necessary for endocycling for three reasons: (1) it creates a window 
of low CYCE/CDK2 activity; (2) it promotes high APC'/C4>! 
activity and thereby suppresses geminin accumulation; and (3) it 
allows E2F2 to maintain repression of CDK1 and its cyclins. Each 
of these conditions is required for preRC assembly and endocycle 
progression. This cell cycle mechanism (Fig. 1g and Supplementary 
Fig. 4) is fundamentally different from that used in mitotic cycles, 
wherein destruction of the M-phase cyclins by APC“*°"””, rather 
than of E2F1 by the CRL4°?"?, throws the switch that allows 
preRC assembly’. Indeed it is noteworthy that the periodic degra- 
dation of E2F1 and depletion of CYCE are not required for mitotic 
cell cycles in Drosophila”. CRLA°? is required for endocycling 
in plants®, indicating that this element of the endocycle oscillator is 
conserved. 

Finally, we asked what factors control E2F production to regulate 
endocycle rates. Endocycle speed and number can be manipulated by 
altering cell growth through changes in dietary protein** or growth- 
regulatory genes including Myc’ and insulin/PI3K/TOR signalling 
components’. Hence we starved larvae of protein to suppress insulin/ 
TOR signalling, reduce protein synthesis, and block cell growth. 
Starvation arrested the salivary endocycles within 24h and strongly 
depleted E2F1 (Fig. 4a, b). E2f1 and Dp mRNA levels were not affected, 
but the E2F targets CycE, pcna and rnrS were reduced (Fig. 4c, not 
shown). To test whether this was responsible for starvation-induced 
endocycle arrest we overexpressed E2F1 in the salivary glands of 
starved animals. Although these glands failed to grow their nuclei 
incorporated BrdU and accrued approximately sevenfold more 
DNA than controls (Fig. 4a). Overexpression of RHEB, which activates 
the Target of rapamycin (TOR) kinase and increases ribosome biogenesis 
and cap-dependent translation, also restored cell growth, E2F1 protein, 
and endocycle progression in starved animals (Fig. 4a, b). Thus E2F1 
appears to act as a ‘growth sensor’ that couples rates of endocycle pro- 
gression to rates of cell growth. A likely mechanism for this, corroborated 
by modelling (Fig. 4e and Supplementary Fig. 8), involves increased 
translation of E2F1 in rapidly growing cells. Indeed, we found that the 
association of E2F1 mRNA with polyribosomes was greatly reduced in 
protein-starved animals (Fig. 4d). Translational control of E2F is an 
attractive mechanism for coupling growth to G1/S progression not only 
in endocycling cells, but also in growth-dependent mitotic cells with 
extended G1 periods. 
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METHODS SUMMARY 


Larvae were raised at 25 °C in uncrowded conditions, and salivary glands dissected 
and analysed using standard Drosophila genetics and molecular biology methods. 
DNA quantifications were done using 4’,6-diamidino-2-phenylindole (DAPI) 
fluorescence from CCD images. Computational modelling used delay differential 
equations tracking the concentrations of mRNAs and proteins, and numerically 
solved in Mathematica 5.2 (Wolfram Research). Full descriptions of experimental 
and computational methods, genotypes and reagents is included in the Methods 
section and Supplementary Information. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Genetics. To express genes in salivary glands ptc-Gal4, 43B-Gal4 or hey-Gal4 
females were crossed to males carrying UAS transgenes. E2f1'”"/E2f17'” mutant 
salivary gland cells were generated by heat-shocking hs-Flp;FRT82B E2f17'”/ 
FRT82B ub-GPF-nls embryos to 37 °C from 2-4 h AED. Cdk2 mutant glands were 
generated using the genotype: F4-Gal4 UAS-GFP/+;Cdk2FRT Cdk2°/Cdk2’ or F4- 
Gal4 UAS-GFP/UAS-Flp; Cdk2FRT Cdk2°/Cdk2’, where Cdk2FRT is a transgene 
encoding an Flp-excisable CDK2. 

Mutants: 

w; ERT80B, ago’/TM6B (ref. 30) 

y,w, hs-FLP!”?; FRT80B P[mini-w], P[ubi-GFP]/TM6B 

dap*/CyO, act-GFP (ref. 31) 

dap**°/CyO, act-GFP (ref. 32) 

w; Dp™ /CyO, act-GFP (ref. 21) 

w; Dp“ /CyO, act-GFP (ref. 21) 

w; FRT42D, Dp“ /CyO, act-GFP (refs 21, 33) 

w; Df(2R)Exel7124 /CyO, act-GFP (Bloomington Drosophila Stock Center number 
7872) 

w; FRT80B, e2f17'7/TM6B (e2f1”’” is described in ref. 34) 

Ww; e2f2” QI cn, bw/CyO, act-GFP (ref. 27) 

w; FRT40A, 2p, dp°”/CyO, act-GFP (gift from M. Frolov) 

W3 geminin' 24019 , ¢, px, sp/CyO, act-GFP (ref. 35) 

W3 geminin'90?, C, px, sp/CyO, act-GFP (ref. 35) 

w; DE(2R)ST1, Adh”, pr’, cn**/ CyO, act-GEP (ref. 35) 

For mutants, we used the strongest alleles available, which in most cases are null 
alleles. Details on mutant lesions can be found in the cited papers and FlyBase 
(http://flybase.org/). 

Transgenes: 

ptc-Gal4 (ref. 36) 

43B-Gal4 (ref. 5) 

w, hey-Gal4, Pin/CyO (Gift from A. Orian) 

UASt-Cul4-RNAi (VDRC number 44829) 

UASt-CycE (ref. 31) 

UASt-CycE-RNAi (Nig-Fly number 3938R-3) 

UASt-Dap (ref. 31) 

UASp-GFP-E2F1 (ref. 7) 

UASp-GFP-E2F1-PIP3A (ref. 7) 

UASt-E2F1 (ref. 15) 

UASt-Rbf1 (ref. 37) 

UASt-Rheb (ref. 38) 

UASt-HA-Rcal (ref. 39) 

Starvation. At 48h or 72h AED larvae were washed with PBS and transferred to 
PBS+20% sucrose at 25 °C, and maintained on this media until 96 h or 120 h AED, 
respectively. 

DNA quantification. DNA content in nuclei or whole salivary glands was quan- 
tified by DAPI fluorescence. Larvae were raised at 25°C to 96h AED, and fixed 
glands were dissected and stained, using an internal control (ptc-Gal4 UAS- 
GFPnils) for each sample. Samples were imaged at X10 with a CCD camera 
(Spot RT or Roper HQ2). Average cytoplasmic intensity was subtracted, and 
the integrated DAPI intensity was used to measure DNA content for whole glands 
(Fig. 2) or nuclei (Fig. 3). All salivary glands had approximately the same number 
of cells (<10% variability). Controls were set to 1,350 C according to ref. 18. 
Quantification of nuclear concentrations. Nuclear BrdU, Cyclin E, E2F1 and 
GFP-E2F1 concentrations as shown in Fig. 1d-fand Supplementary Figs 3 and 11 
were measured from samples stained with DAPI and the indicated antibodies and 
imaged by confocal microscopy at X20. We took image stacks (interval size = 0.65 
um; optimal overlap under our conditions) with optimized imaging conditions 
such that the deviation from linearity was <10%. To measure average nuclear 
concentrations of E2F1 and CYCE, we used ImageJ (NIH) and custom software 
that searched for nuclei by finding ellipsoidal regions that stained brightly for DNA 
and had the approximate diameter of a nucleus. About half of all nuclei visually 
overlapped with their neighbours and were not analysed. To reproducibly set the 
boundaries for each nucleus, we restricted our analysis to optical sections in which 
the average nuclear DNA staining was >90% maximal (typically 2-5 sections). 
Mean intensity in these regions was measured in other channels to determine 
nuclear concentrations. 

BrdU labelling. Embryos were collected on grape-juice/agar plates for 2h and 
transferred to regular fly food 24h after egg deposition. At the indicated time points 
salivary glands were dissected in Drosophila Ringer’s solution and incubated for 1h 
at room temperature with 100 pg ml! BrdU in Ringer’s solution. Afterwards, the 
samples were fixed for 30min in 4% paraformaldehyde/PBS and subsequently 
treated for 30 min with 2N HCl. BrdU incorporation was detected with a mouse 
anti-BrdU antibody (Becton Dickinson) diluted 1:20 in 4% normal goat serum/ 


PBS, 0.3% Triton-X100 and goat anti-mouse-Alexa Fluor-568 (Invitrogen) as 
secondary antibody diluted 1:2,000 in 4% NGS/PBS, 0.3% Triton-X100. 

EdU labelling. EdU incorporation was performed analogous to the procedure for 
BrdU labelling using the Click-It EdU Alexa Fluor-555 imaging kit from 
Invitrogen. 

In situ hybridization. Probes for in situ hybridization were generated with the 
DIG RNA labelling system (Roche). For in vitro transcription with T7/T3 RNA 
polymerase the following plasmids were used as template: pT7T3-19U-CycE”; 
pBLu(2)SKM-RnrS"; pBluSKP-E2F1 (ref. 42). Salivary glands were dissected from 
larvae staged to the indicated time points. Small batches of about 30 larvae were 
fixed overnight in 8% formaldehyde/PBS, pooled in scintillation vials and stored 
until usage in ethanol at —80°C. The hybridization procedure was performed 
according to the protocol from ref. 43. For detection samples were probed with the 
following antibodies: sheep-anti- DIG-AP (1:500, Roche) or mouse anti- DIG-HRP 
(1:500, Abcam). BCIP/NBT was used as substrate for the AP reaction according to 
ref. 44, whereas the TSA Alexa Fluor-568 Detection Kit (Invitrogen) was used in 
combination with horseradish peroxidase. 

qRT-PCR. At the indicated time points about 50 salivary glands per genotype 
were dissected in Drosophila Ringer’s Solution and immediately transferred to the 
lysis buffer supplied with the RNeasy mini kit (Qiagen). Samples were stored at 
—80°C and then processed with the RNeasy mini kit (Qiagen) according the 
manufacturer’s instructions including the optional on-column DNase I digestion. 
100 ng of total RNA were used for cDNA synthesis with the QuantiTect Reverse 
Transcription Kit (Qiagen) or the iScript cDNA synthesis kit (Bio-Rad). (RT-PCR 
data shown in Fig. 3i-k was acquired on a Light Cycler 480 (Roche) using the 
indicated UPL assays (Roche) and Light Cycler 480 Probes Master (Roche). 
Relative expression data presented in Fig. 4c was acquired on an iQ5 Instrument 
(Bio-Rad) using QuantiTect Primer Assays (Qiagen) and the iScript one-step RT- 
PCR SYBR green kit (Bio-Rad). To ensure statistical significance qRT-PCR was 
performed in quadruplicates from 3-4 independent samples. Relative expression 
to GAPDH1 and Actin5c was determined with the AAC, method: 

AC, = gene of interest CQ endogenous control 

AAC, = AC, sample — AC, calibrator 

Relative quantity = 2 n0G 

Polysome profiling. Whole larvae were lysed in ice-cold polysome lysis buffer 
(25 mM Tris pH 6.8, 10 mM MgCl, 250 mM NaCl, 1% Triton-X 100, 0.5% sodium 
deoxycholate, 0.5uM DTT, 100 pg ml! cycloheximide, 10 mg ml! heparin, 
protease inhibitor cocktail (Complete mini, Roche), 2.5 4M PMSF, 5 mM sodium 
fluoride, 1mM _ sodium orthovanadate, RNase inhibitor (Ribolock, Fermentas) 
using a Dounce homogenizer. Lysates were then cleared by centrifugation 
(15,000 r.p.m., 15 min, 4°C in an Eppendorf 5424 centrifuge with an FA-45-24- 
11 rotor). Equal optical density units (260 nM) of cleared lysates were then layered 
on 15-45% sucrose gradient (prepared in polysome lysis buffer) and centrifuged 
(37,000 r.p.m., 2.5h, 4°C) in an SW41 Beckman rotor. The gradients were then 
fractionated using a Brandel BR188 density gradient fractionator with continuous 
OD (254nm) reading and collected into twelve equal fractions. The RNA from 
each fraction was extracted with TRIzol reagent and reversed transcribed using 
Superscript II (Invitrogen) according to the manufacturer’s instructions. 
Quantitative real-time PCR was then performed as described in ref. 45 using a 
MyIQ PCR machine (Bio-Rad). 
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Multisite phosphorylation of proteins has been proposed to trans- 
form a graded protein kinase signal into an ultrasensitive switch- 
like response’*. Although many multiphosphorylated targets have 
been identified, the dynamics and sequence of individual phos- 
phorylation events within the multisite phosphorylation process 
have never been thoroughly studied. In Saccharomyces cerevisiae, 
the initiation of S phase is thought to be governed by complexes of 
Cdk1 and Cln cyclins that phosphorylate six or more sites on the 
Clb5-Cdk1 inhibitor Sicl, directing it to SCF-mediated destruc- 
tion’’*. The resulting Sicl-free Clb5-Cdk1 complex triggers S 
phase’. Here, we demonstrate that Sicl destruction depends on a 
more complex process in which both Cln2-Cdk1 and Clb5-Cdk1 
act in processive multiphosphorylation cascades leading to the 
phosphorylation of a small number of specific phosphodegrons. 
The routes of these phosphorylation cascades are shaped by pre- 
cisely oriented docking interactions mediated by cyclin-specific 
docking motifs in Sicl and by Cks1, the phospho-adaptor subunit 
of Cdk1. Our results indicate that Clb5-Cdk1-dependent phos- 
phorylation generates positive feedback that is required for 
switch-like Sicl destruction. Our evidence for a docking network 
within clusters of phosphorylation sites uncovers a new level of 
complexity in Cdk1-dependent regulation of cell cycle transitions, 
and has general implications for the regulation of cellular processes 
by multisite phosphorylation. 

To study the multiphosphorylation of Sicl, we used a non-inhibitory 
truncated version of Sicl (SiclAC) as a substrate for purified Cln2- 
Cdk1 and Clb5-Cdk1 complexes (Supplementary Fig. 1a; Cdk1 is 
also known as Cdc28). Intriguingly, both Cln2-Cdk1 and Clb5-Cdk1 
generated phosphorylation patterns with abruptly accumulating hyper- 
phosphorylated species (Fig. 1a, b, d,e and Supplementary Fig. 1b). This 
pattern depended on Cks1, the Cdk1 subunit that binds phosphate 
groups’°. Mutation of the phosphate-binding site of Cks1 reduced the 
accumulation of multiphosphorylated forms (Fig. 1a and Supplemen- 
tary Fig. 2a). Similarly, a phosphorylated competitor phosphopeptide 
reduced phosphorylation (Fig. 1b). Cks1 mutation and the peptide had 
little effect on the phosphorylation of a SiclAC version containing a 
single Cdk site (Fig. 1c). 

Cks1 is essential for Cdk1 function’, with roles at the G,/S and 
G,/M transitions'*"*. We found that the Cks1:Cdk1 stoichiometry in 
vivo was about 1:1 for Cln2—Cdk1 and at least 0.5:1 for Clb5—Cdk1, 
confirming that Cks1-dependent multiphosphorylation is the preval- 
ent mode of Cdk1 action in vivo (Supplementary Fig. la—c). An iso- 
thermal calorimetry binding assay of fully phosphorylated SiclAC 
(pSiclAC) and Cks1 measured a Kp of 11 + 2 11M, whereas the non- 
phosphorylated version showed no detectable binding (Supplemen- 
tary Fig. 1d). Approximately three to four molecules of Cks1 bound 
each molecule of pSic1 AC, suggesting that several phosphorylated sites 
can bind Cks1 independently. Finally, we found that the phospho- 
binding pocket of Cks1 is required for phosphorylation and degrada- 
tion of Sicl in vivo (Supplementary Fig. le, f). 


To understand the Cksl-dependent mechanism, we analysed 
SiclAC multiphosphorylation over time (Fig. 1d, e). We did not 
observe significant accumulation of intermediate phosphorylated 
forms, indicating that phosphorylation was processive. When we per- 
formed kinase reactions at Sicl1AC concentrations higher than appar- 
ent Ky, multiphosphorylation patterns remained constant despite the 
increase in the inhibition term 1 + [Sop]/Km (where Sop is unpho- 
sphorylated substrate) (Supplementary Fig. 2b-e). Thus, the enzyme 
displays processivity; that is, it is able to transfer two or more phos- 
phates to the substrate during a single association event. This conclu- 
sion was additionally confirmed using different enzyme concentrations 
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Figure 1 | The phospho-adaptor subunit Cks1 provides processivity for the 
multiphosphorylation of Sicl by Cln2-Cdk1 and Clb5-Cdk1. a, Cln2-Cdk1 
and Clb5-Cdk1 complexes were incubated with SiclAC and [y-*?P]ATP. The 
reactions also included wild-type Cks1 (WT) or a version with a mutated 
phosphate-binding site (mut; see Supplementary Methods). Phosphorylated 
substrates were separated using Phos-tag SDS-PAGE gels. b, Reactions were 
performed in the presence of a phosphopeptide competitor (P) based on the 
sequence surrounding T45 in Sicl. c, The phosphorylation of a SiclAC version 
containing a single Cdk site (Sic1AC-T5, with other Cdk consensus sites 
mutated to alanines) was not affected by the Cks1 mutant (mut) or the 
phosphopeptide. Standard SDS-PAGE was used. d, Time courses of SicLAC 
multiphosphorylation were followed by Phos-tag SDS-PAGE. e, The 
quantified data from d. The intensities of *’P-labelled proteins were divided by 
the number of phosphates as indicated to obtain the levels of different 
phosphoforms (see also Methods). In the experiments presented in Fig. 1, 
enzyme concentrations were chosen to obtain roughly equal substrate labelling. 
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in the assay (Supplementary Fig. 2f) and in mathematical simulations 
(Supplementary Fig. 3). This processive pattern argues against the cur- 
rent model of ultrasensitivity in the Sicl phosphorylation switch, which 
is based on the assumption of a distributive mechanism with equal 
specificity of different sites". 

To dissect the mechanism of the processive multiphosphorylation 
cascade, we first studied the impact of potential docking interactions 
between Sicl and cyclins. In previous studies, we found that rapid Sicl 
phosphorylation by Clb5-Cdk1 depends on an interaction between 
RXL motifs in Sicl and the hydrophobic patch docking site (hp) in 
Clb5; a triple mutation in this site (Clb5hpm) decreases the net phos- 
phorylation rate (Supplementary Fig. 4a—h)'°. Further, we found here 
that a version of SiclAC with mutations at its four RXL motifs (Sicl AC- 
1234rxl) showed less abrupt production of multiphosphorylated species 
by Clb5-Cdk1, showing that processive multiphosphorylation requires 
both Cks1-dependent and hp-dependent docking (Supplementary Fig. 
4i). Cln2-Cdk1 had only a mild RXL effect on the phosphorylation 
pattern, probably because Cln2 does not contain a conventional hp like 
that in the B-type cyclins. In recent studies, we also located a ten-amino- 
acid stretch in Sicl, 136VLLPPSRPTS145, which confers Cln2 specifi- 
city’. Here we found that a five-alanine mutation of the first five 
hydrophobic residues in this stretch, or a synthetic competitor peptide 
containing the docking site, reduced the abrupt multiphosphorylation 
pattern for Cln2 (Supplementary Fig. 4j). In conclusion, both Clb5- 
Cdk1 and Cln2-Cdk1 use docking mechanisms, in addition to Cks1, to 
achieve processive multiphosphorylation of Sicl. 

Using SiclAC mutants carrying only one Cdk site (Fig. 2a, b), we 
found that Clb5-Cdk1 rapidly phosphorylated just four sites (T5, T33, 
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S76 and S80), and this specificity depended on the RXL2 and RXL3 
docking sites in Sicl (Fig. 2b; note that in all figure labels, the indicated 
Cdk sites are those left unmutated, unless otherwise indicated), Cln2- 
Cdk1, on the other hand, showed a preference for the N-terminally 
located site T5 (Fig. 2b). Thus, docking interactions direct the asso- 
ciated kinase to a small number of primary phosphorylation sites. We 
speculate that these primary sites interact with Cks1 to drive processive 
phosphorylation of additional sites. 

With these primary specificities in mind, we set out to map the 
pathways along which Cln2—Cdk1 and Clb5-Cdk1 catalyse the phos- 
phorylation of the critical sites required for Sicl degradation. The 
original model of Sicl regulation proposed that six or more sites must 
be simultaneously phosphorylated in vivo to facilitate binding of 
phospho-Sicl to the SCF subunit Cdc4 (ref. 1). On the other hand, 
later binding studies revealed that closely positioned pairs of phos- 
phorylation sites (pT5/pS9, pT45/pT48, or pS76/pS80; see Fig. 2a) 
each present separate entities with a strong affinity for Cdc4, indicating 
that just two phosphorylation sites, in the right positions, might be 
sufficient for Sicl degradation’’. Our results provided a way to recon- 
cile these findings: we proposed that the requirement for six or more 
sites in vivo reflects a requirement for priming phosphorylation events 
that direct processive phosphorylation of critical phosphodegrons. To 
test this possibility, we first measured phosphorylation of a SiclAC 
mutant with all Cdk sites changed to alanine except for the triple 
cluster S69/S76/S80, which contains two potential paired degrons 
(S69/S76 and S76/S80). There was no processive multiphosphoryla- 
tion of the cluster S69/S76/S80 (Fig. 2c, lane 2 in each panel), but 
processivity could be induced by adding back single Cdk1 sites to 
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Figure 2 | Phosphorylated priming sites provide docking interactions for 
efficient phosphorylation of suboptimal sites in phosphodegrons. 

a, Schematic view of phosphorylation sites, docking motifs (Clb5- and Cln2- 
specific), phosphodegrons (ovals'’) in Sicl. b, Phosphorylation specificity of 
Clb5-Cdk1 and Cln2-Cdk1 towards different Cdk sites was studied using 
Sicl AC constructs containing a single fixed Cdk site. For Clb5-Cdk1, the 
dependence of the site-specificity profile on RXL docking sites was assessed 
using Sicl AC constructs containing a single Cdk site and a single fixed RXL 
motif. c, The impact of different priming phosphorylation sites on cooperative 
phosphorylation of the degron cluster $69/S76/S80. Phospho-site mutants of 
Sicl AC carrying the intact S69/S76/S80 cluster and the indicated sites left 
unmutated were used in a kinase assay with Cln2-Cdk1 and Clb5-Cdk1 using 
Phos-tag SDS-PAGE. d, Full-length Sicl versions containing the combination 


(min) 


of sites described in c were overexpressed under the galactose promoter to assay 
the ability of cells to degrade Sicl. Gal, galactose; Glc, glucose. e, Comparison of 
the in vitro phosphorylation profiles of SiclAC versions containing only the 
phosphorylation sites T33/T45 or T33/T45 with mutation T48A. f, The 
nonconsensus Cdk] site T48 is important for viability of cells overexpressing 
Sicl. The same assay as d was used. In panels d and f, the labels indicate 
unmutated amino acids, and all other consensus Cdk sites are mutated; 
mutations in the nonconsensus Cdk sites are highlighted in red. g, The 
phosphorylation and degradation dynamics of Sicl were followed after the 
release of cells from o-factor in a system constitutively expressing mutated 
versions of noninhibitory haemagglutinin-tagged Sic1AC-3HA. The asterisk 
indicates a G,-specific phosphorylation by an unknown kinase. 
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the amino-terminal side of the cluster. The rate of the appearance of 
multiphosphorylated species correlated with the site specificity data 
for Cln2 and Clb5 (Fig. 2b). Addition of the most Cln2-specific site, T5, 
caused a much greater effect in Cln2 reactions than the less Cln2- 
specific sites, T33 and T45. Addition of the Clb5-specific sites T5 
and T33, but not the poor Clb5 site T45, greatly increased processivity 
in Clb5 reactions. These results indicate that sites T5, T33 and T45 are 
able to serve as priming sites for Cks1-dependent phosphorylation of 
the S69/S76/S80 degron cluster. The phosphopeptide-dependence was 
confirmed for these mutants as described for SiclAC-wild type in 
Fig. 1b (data not shown). 

Cells overexpressing Sicl containing only the triple cluster S69/S76/ 
S80 were inviable (Fig. 2d). Addition of T5, T33 or T45 did not prevent 
this lethal effect, indicating that phosphorylation of the S69/S76/S80 
cluster alone is not sufficient for degradation of Sicl. However, viability 
improved when both T33 and T45 were added. Notably, the addition of 
T45, together with a nonconsensus Cdk site T48 (Fig. 2a), creates a 
double degron, T45/T48, as predicted previously’”. T48 is known to be 
phosphorylated in vivo’. We proposed that T33 serves as a docking site 
for both the T45/T48 and S69/S76/S80 clusters, and that T45 serves 
both as a constituent site of the T45/T48 degron as well as a Cks1- 
dependent docking site for the degron cluster S69/S76/S80. Indeed, 
T48 alone (the Sicl-9A mutant with all Cdk sites changed to alanine) 
was a very poor substrate for Clb5 and Cln2 (data not shown), but the 
addition of T33 or the T33/T45 pair made it a specific site (Fig. 2e, 
Supplementary Fig. 5 and Supplementary Table 1), implying that T33 
phosphorylation allows bypass of the consensus motif requirement ofa 
+1 proline at T48. Notably, we found that the alanine mutation in T48 
hada strong growth-suppressing effect in the galactose assay within the 
context of sites T33/T45/S69/S76/S80 and also had a weaker effect in 
the background containing all the Cdk sites (Fig. 2fand Supplementary 
Fig. 4k). Our results indicate that the benefit of multisite phosphoryla- 
tion of Sicl, compared to a system with a single phosphorylated site 
with high affinity for Cdc4 (for example, based on an optimal degron 
site of cyclin E’), is likely to be the ability of this mechanism to provide 
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docking-dependent kinase specificity for paired degrons. Thus, 
phosphorylation sites in Sicl can be divided into three categories: (1) 
paired degron sites that are spaced 3-7 amino acids from each another; 
(2) N-terminally positioned priming sites for each paired degron; and 
(3) sites that serve as both priming and degron sites (for example, T45). 

It is unclear why a single paired degron with a priming site is in- 
sufficient for degradation of Sicl, as suggested by our observation that 
viability in the galactose plate assay requires both T45/T48 and either 
S69/S76 or S76/S80 (Fig. 2f). To test if the simultaneous presence of 
both paired degrons is required for degradation of Sicl, we used western 
blotting to measure phosphorylation and degradation of mutated ver- 
sions of SiclAC. Remarkably, a SiclAC construct (equivalent to the 
Sicl-5p mutant of ref. 1) containing only the degron T45/T48, but 
missing the intact degron around S76, was rapidly degraded after the 
release of cells from G, (Fig. 2g). This degradation was abolished by 
mutation of the single nonconsensus Cdk site at T48. A construct also 
containing the S69/S76/S80 degron (Sicl-7p of ref. 1) was more rapidly 
degraded, and mutation of T48 in this background did not influence the 
degradation rate. We conclude that the T45/T48 degron is sufficient to 
promote some degradation of Sicl in vivo, but this rate of degradation is 
not sufficient to prevent the lethality of overexpressed Sic1. 

Our model assumes differential roles of Cln2 and Clb5 in the order of 
Sicl phosphorylation events. To explore this possibility, we developed 
methods for determining the apparent rate constants, which we termed 
Kaocks for individual Cks1-enhanced phosphorylation steps (Fig. 3a, b 
and Supplementary Table 1). The results revealed considerable differ- 
ences between Clb5 and Cln2. Clb5-Cdk1 was much more effective 
than Cln2-Cdk] in taking shortcuts to the critical degron pair of S76/ 
S80, using T5 and T33 as priming sites for Cks1, and with assistance 
from RXL-mediated docking (Supplementary Tables 1 and 2, Fig. 3a—c 
and Supplementary Fig. 6). Notably, in the case of Clb5, different RXL 
motifs supported different Cksl-dependent docking events (Sup- 
plementary Table 2). 

We propose that in late G,, Clb5-Cdk1 is inhibited by Sicl, and the 
cascade of phosphorylation events begins with T5 phosphorylation by 
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Figure 3 | Differential roles of Cln2 and Clb5 in Sicl multiphosphorylation 
and degradation. a, Pair-wise mapping of the docking connections underlying 
Sicl multiphosphorylation, using purified SiclAC mutants containing just two 
of the Cdk phosphorylation sites per mutant. Representative examples of 
autoradiographs of phosphorylation assays, showing different docking 
specificities between Cln2—Cdk1 and Clb5-Cdk1. b, The specificity profiles for 
different pair-wise docking connections. The error bars indicate standard 
errors of the means of at least two independent experiments. (See 
Supplementary Information and Supplementary Table 1). c, Schematic view of 
fast and slow docking-dependent phosphorylation steps for Cln2-Cdk1 and 
Clb5-Cdk1. d, Sicl mutants with improved Cdk recognition determinants in 
suboptimal phosphodegrons rescue the inviability of cells overexpressing Sicl- 
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1234rxl. The Cln2-dependent docking site becomes essential under these 
conditions. e, Cells carrying SIC1wt-TAP or versions with docking site 
mutations at the endogeneous SIC1 locus were released from an factor arrest 
and the degradation pattern of Sicl-TAP protein was followed by western 
blotting, using standard SDS-PAGE. f, A wild-type strain (SIC1wt-TAP) anda 
strain also expressing the nondegradable inhibitory domain of Sicl (SIC1AN) 
under the GALI promoter were arrested in o-factor, followed by the addition of 
galactose. After 45 min, the cells were washed into galactose media lacking 
a-factor and Sicl-TAP levels were followed by western blotting (see also 
Supplementary Fig. 7). g, Sicl mutants with improved Cln—Cdk recognition 
determinants in suboptimal phosphodegrons trigger rapid degradation of Sicl 
in the presence of SICI-AN. Experiment was performed as in panel f. 
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Cln2-Cdkl. This priming event is followed by docking-enhanced 
phosphorylations leading to a phosphorylated chain of sites pT5/ 
p1T33/pT45/pS76 but no fully phosphorylated paired degrons, as phos- 
phorylation by Cln2—Cdk1 of suboptimal sites in the degrons (T48 and 
S69, or S80) is slow (Fig. 3a, b). However, the phosphorylated cluster 
pT5/pT33/pT45/pS76 serves as a powerful Cln2-Cdk1-dependent 
docking platform for emerging Clb5-Cdk1. As Cln2 levels rise, such 
priming forces would create a synergistic effect between Cln2 and 
Clb5, greatly amplifying the impact of low emerging levels of free 
Clb5-Cdk1 complexes and defining the point of no return for Clb5- 
dependent positive feedback. A prediction of this model is that 
changing the limiting suboptimal degron sites to optimal Cdk sites 
will rescue the lethality of Sicl-1234rxl (Supplementary Fig. 4f), as the 
degradation in this case should be driven primarily by Cln2. Indeed, 
changing T48 to a Cdk1 site by introducing a proline at position +1 
partially rescued the lethal phenotype of Sicl-1234rxl (Fig. 3d). A 
similar rescue was attained by introducing a positive determinant 
for Cln2-Cdkl, an arginine at position +2 (ref. 16), to the site S80. 
Optimization of the S69 site had no effect. Almost complete rescue was 
gained by a triple mutation with all three limiting degron sites (T48, 
S69 and S80) changed to optimal Cdk sites. Importantly, these effects 
are unlikely to be due to improved binding of phosphodegrons to 
Cdc4, as the basic residues on the carboxy-terminal side of pS/pT 
are known to disrupt the Cdc4 interaction’. Finally, to confirm that 
degradation of these Sicl mutants is driven by Cln—Cdk1, instead of 
Clb5-Cdk1, we additionally mutated the Cln2-specific docking site 
VLLPP in the triple mutant background (Fig. 3d, lower panel). The 
vilpp mutation abolished the rescue effect of the triple mutant. These 
data indicate that Cln2 alone does have the potential to drive Sicl 
degradation, but the Cln2-driven phosphorylation cascade is ter- 
minated at the rate-limiting final steps. However, this mechanism 
allows creation of the Clb5 docking platform containing the chain of 
optimal sites pT5/pT33/pT45/pS76. 

Finally, to compare further the functions of Clb5 and Cln2, we 
analysed the degradation of endogeneous Sicl. We found that muta- 
tion of either the Cln-specific vilpp docking motif or Clb5-specific RXL 
docking sites delayed Sicl degradation (Fig. 3e), confirming that both 
Cln2 and Clb5 have a role in the timing of Sicl degradation. However, 
when all Clb-Cdk1 activity in the cell was specifically inhibited by 
overexpression of nondegradable Sic1, endogenous Sic] was completely 
stabilized (Fig. 3f and Supplementary Fig. 7), indicating that the key 
trigger for Sicl degradation and the G,/S transition is the emerging free 
Clb5-Cdkl, after its levels exceed those of the inhibitory complex. 

The inability of Cln alone to cause Sicl degradation could be attri- 
buted to the slow phosphorylation rate of sites in the $76/S80 degron. 
Indeed, by introducing optimal Cln consensus motifs into the slow 
degron sites, analogously to the experiment described in Fig. 3d, the 
Sicl degradation pattern was restored to normal despite the absence of 
Clb-Cdk1 activity (Fig. 3g). The processive multiphosphorylation 
cascades, composed ofa set of fast and slow steps and different docking 
specificities, enable this discrimination between the signal outputs of 
different cyclin-Cdk1 complexes. Furthermore, the Cln output state 
acts as a primer state for the second complex, creating a potential 
‘AND gate’ in which Cln2 is not allowed to trigger the G;/S transition 
until sufficient levels of Clb5 activity accumulate. 

In conclusion, our model provides novel insights into the multisite 
phosphorylation mechanism of Sicl and, potentially, of Cdk1 targets 
in general. The multiple sites create a network of docking connections 
that exploit Cks1-dependent and cyclin-specific docking interactions 
to process Cdk1 signals to achieve proper tuning of the timing of the 
G,/S transition (Supplementary Fig. 8). As most Cdk1 targets in the 
cell contain clusters of multiple sites'*, the regulation of cell cycle 
switchpoints by Cdk1-dependent multiphosphorylation might prove 
to be far more complex than generally anticipated, and it is possible 
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that beneath the seemingly random constellations of phosphorylation 
sites, an intricate signal processing logic may be hidden. 


METHODS SUMMARY 


Yeast strains were in the W303 background and are listed in Supplementary Table 
3. Plasmid constructs are listed in Supplementary Table 4. Phos-tag Acrylamide 
AAL-107 (ref. 19) was purchased from NARD Institute. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Protein purification. TAP-purification of cyclin-Cdkl complexes was per- 
formed as described previously***! using C-terminally TAP-tagged cyclin con- 
structs cloned into 2 micron vectors and overexpressed from the GALI 
promoter. For purification of 3HA-Cln2-Cdkl, a yeast strain (a gift from D. 
Kellogg) with the GALI promoter introduced along with the N-terminal 3HA 
tag in the chromosomal locus of the CLN2 gene was used. The overexpressed 
3HA-Cln2-Cdk1 complex was purified as described”, using immunoaffinity 
chromatography with a rabbit polyclonal antibody against the haemagglutinin 
epitope (purchased from Labas). Purification of N-terminally 6His-tagged recom- 
binant Sicl constructs was performed using cobalt affinity chromatography. Cks1 
was purified as described previously’’. 

Phosphorylation assays. For quantitative phosphorylation assays, the substrate 
concentration was kept in the range of 0.5-2 [1M (in the linear [S] versus vp range, 
several-fold below estimated Kj.) and the initial velocity conditions were defined 
as a substrate turnover ranging up to 10%/N of the total concentration of N Cdk 
sites. The general composition of the assay mixture was as follows: 50mM 
HEPES pH7.4, 5mM MgCh, 150mM NaCl, 0.1% NP-40, 20mM imidazole, 
2% glycerol, 2mM EGTA, 0.2 mg ml! BSA, 500nM Cks1 and 500 uM ATP 
(with added [y-**P] ATP (Perkin Elmer)). Around 1-10 nM of the purified kinase 
complex was used, the amount depending on the setup of the experiment. The 
optimal working concentration for purified Cks1 was taken as 500 nM according 
to the optimization performed for cyclin-Cdk1 preparations using SiclAC as a 
substrate. For the phosphorylation assay with mutant Cks1, purified kinase com- 
plexes were preincubated for 45 min with Cks1 wild type or mutant to compens- 
ate for differences in the amounts of Cks1 already present in the preparations. 
The composition of the preincubation mixture was: 50 mM HEPES pH 7.4, 5 mM 
MgCl, 150mM NaCl, 0.2mgml~' BSA and 500,1M ATP. Kinase assay was 
initiated by adding preincubation mixture and [y-*’P]ATP to the substrate. 
Aliquots were taken at least at two different time points and the reaction was 
stopped by SDS-PAGE sample buffer. For separating the phosphorylated ver- 
sions of Sicl, 10% SDS-PAGE was used, supplemented with the Phos-tag 
reagent’” according to the instructions from the manufacturer. For quantitative 
analysis of the dynamics of multisite phosphorylation (in Fig. 1d, e and 
Supplementary Fig. 2a-d, f) the six major bands separated in Phos-tag SDS- 
PAGE were quantified as 1- to 6-phosphate species. 

For the phosphorylation assay of full-length Sicl as part of the inhibitory 
complex, Clb5-TAP-Cdk1 was isolated from yeast cell extract containing over- 
expressed Clb5-TAP with IgG beads (Supplementary Fig. 4b). The stoichiometric 
Sicl-Clb5-Cdk1 complex was formed by incubating an excess amount of purified 
Sicl with the beads, and unbound Sicl was removed by washing (50 mM HEPES 
pH7.4, 0.5M NaCl, 0.1% NP-40). The phosphorylation reaction was performed 
according to the standard kinase assay protocol and was initiated by adding 
purified cyclin-Cdk1 complexes to the washed beads. The Clb5-dependent phos- 
phorylation of full-length Sicl as part of the stoichiometric inhibitory complex 
revealed a similar RXL specificity profile (Supplementary Fig. 4b). This result also 
suggests that Sicl AC is a valid model substrate, which was chosen for large scale 
analysis instead of the hard-to-adjust assay with the stoichiometric complex. It is 
reasonable to consider the N-terminal region of Sicl as an independent polypep- 
tide entity, given that only a short C-terminal part is required for high-affinity 
inhibition and that Sicl is an intrinsically disordered protein”. 

The mutant Cks1 used in our experiments was designed to disrupt the phos- 
phate-binding site and contained the combination of mutations R33E, S82E and 
R102A (ref. 24). The triple mutants in the hydrophobic patch (hpm) of Clb5 and 
Clb2 were described previously’’, and the hpm of Clb3 (F201A, L205A, T208A) 
was designed according to sequence homology with other B-type cyclins. 

The relative rate constants for different phospho-docking enhanced steps (dock) 
were determined using mutated SiclAC versions containing different pair-wise 
combinations of Cdk1 sites (the rest of the serine and threonine residues in S/TP 
motifs were mutated to alanines). It is impossible to estimate the effects of docking 
on the reaction rates directly, as it is hard to produce a version of substrate protein 
where the primed docking sites are fully phosphorylated and the secondary sites are 
unphosphorylated. Therefore, we used an indirect approach by estimating the 
relative formation rate of doubly phosphorylated species. The kg.., was defined 
as the ratio of the observed fraction of the doubly phosphorylated form and the 
estimated kinase activity towards the single N-terminal priming site present in the 
pair-wise SiclAC construct. The latter parameters were estimated using quantified 
values for single site specificities from the experiment in Fig. 2b (in the absence or 
presence of different docking sites). Thus, the kao, values are independent of the 
rates of the priming steps and reflect only the rates of the secondary steps. The 
phosphorylation of the substrate was followed in a conventional kinase assay and 
singly and doubly phosphorylated species were resolved using Phos-tag SDS- 
PAGE and quantified by PhosphorImager. The koa was calculated from two 


consecutive time points (that is, 8 and 16 min, in the low initial range of total 
substrate consumption) from at least two independent experiments. We applied a 
condition of a minimal ratio of 0.7 for the kg... values from these two time points, 
to ensure that the singly phosphorylated species had not reached the temporary 
quasi-steady state. The obtained values are ‘apparent constants’ as it is impossible to 
precisely determine the relative contributions of processive and distributive 
mechanisms. Nevertheless, the obtained kgock values provide very good estimates 
of how much the phosphorylation of a site is enhanced when another site is present. 
Western blotting and viability assays. For viability assay, log-phase cultures were 
equalized in density and spotted as serial dilutions on selective synthetic complete 
(SC) plates. The plates were incubated for 48-60h at 30°C. For the western 
blotting experiments, cells were grown to OD¢o0nm = 0.3 and treated for 2.5h 
with lpg ml’ «-factor or for 2.5h with 15mg ml’ hydroxyurea and released by 
washing. In the experiments presented in Fig. 3f, g and Supplementary Fig. 7 the 
GALI-SICIAN was integrated into the URA3 locus. In Fig. 2g the SiclAC-3HA 
versions were cloned into the pRS315 vector and constitutively expressed under 
the ADH promoter. In the experiments presented in Fig. 3e, f, g the endogeneous 
SICI1 was C-terminally TAP-tagged. The cells were lysed by bead-beating in lysis 
buffer containing urea. Blotting of Phos-tag SDS-PAGE gels was performed using 
a dry system iBlot (Invitrogen). The antibody used for western blotting of 3HA- 
tagged proteins was HA.11 clone 16B12 from Covance and the antibodies used for 
western blotting of Cdk1 (Cdc28 (yC-20)) and of TAP-tagged proteins (c-Myc 
(A-14)) were from Santa Cruz. The rabbit anti-Cks1 antibody was from Labas. 
Isothermal calorimetry. Recombinant Sicl1 AC was phosphorylated with purified 
Clb2-Cdk1, and complete phosphorylation was confirmed by following the phos- 
phorylation shift by Phos-tag SDS-PAGE. Recombinant Cks1 was expressed in 
Escherichia coli from a pET vector and purified with anion exchange and size- 
exclusion chromatography. Calorimetry experiments were performed with a VP- 
ITC system (MicroCal). 0.3-0.4mM Cks1 was titrated into a 30 uM solution of 
phospho-SiclAC. Experiments were carried out at 25°C in a buffer containing 
25mM Tris and 150 mM NaCl (pH 8.0). Data were analysed with the MicroCal 
Origin software package. The reported binding constant and stoichiometry are the 
average from 2 experiments, and the reported errors are the standard deviation of 
these measurements. 

Quantitative mass spectrometry. For quantitative determination of Cks1- 
dependent phosphorylation of T48, equal amounts of SiclAC-wt protein were 
phosphorylated by Clb5-Cdk1 supplemented with normal isotopic ATP 
((SO]ATP] or heavy ATP ({'SO]ATP) (Cambridge Isotope Laboratories). 
Kinase assays were incubated at room temperature for 60min then pooled 
together in a 1:1 ratio (v/v) in SDS-PAGE sample buffer. The proteins were 
separated by 10% SDS-PAGE and the gels were stained with Coomassie brilliant 
blue G-250 (Sigma) and protein bands were excised from the stained gels. Proteins 
were in-gel digested by LysC/P (10 ng pl!) (Wako) and peptides were purified by 
using C18 StageTips. 

Peptides were separated with an Agilent 1200 series nanoflow system (Agilent 
Technologies) connected to a LTQ Orbitrap classic mass-spectrometer (Thermo 
Electron) equipped with nanoelectrospray ion source (Proxeon). Purified peptides 
were loaded on a fused silica emitter (75 um X 150mm) (Proxeon) packed in- 
house with Reprosil-Pur C18-AQ 3-um particles (Dr. Maisch HPLC GmbH). 
Peptides were separated with 30 min 3-40% B gradient (A, 0.5% acetic acid; B, 
0.5% acetic acid/80% acetonitrile) at a flow-rate of 200 nl min ', eluted peptides 
were sprayed directly into LTQ Orbitrap mass-spectrometer with a spray voltage 
of 2.2kV. The mass spectrometry scan range was m/z 300-1,800 and the top 5 
precursor ions were selected for subsequent MS/MS scans. A lock-mass was used 
for the LTQ-Orbitrap to obtain constant mass-accuracy during the gradient ana- 
lysis. Peptides were identified with the Mascot 2.3 (http://www.matrixscience.- 
com) search engine. A peptide mass tolerance of 7 p.p.m. was used and a fragment 
ion mass tolerance of 0.6 Da. Two missed cleavage sites for LysC/P were allowed. 
The oxidation of the methionine and the phosphorylation of serine, threonine 
were set as variable modifications. 
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Nature 461, 1007-1012 (2009) 1f 2c CYP27B1 CYP27B1 
CYP27B1 (-230/+130) (-3907/-3442) (-230/+130) 
Several lanes of the ChIP analyses in this Letter were inadvertently Ant-VOR| — — — = == nenieces 
duplicated or erroneously created during figure assembly. We now Anti-VDR = = poe 
provide corrected figure panels for Figs 1f, 2c, 2f, 2g and 3h and Anti-HDAC2 = as Ge oe Anti-MBD2 
Supplementary Figs $8, S9a, S9b, $11, $13b, $18 and $28. Our results ane BN — oo id AntiMBD3 
and conclusions are not affected by these errors, but we apologise for "| ani-onwrag) = ee Anti-MBD4 a 
the careless mistakes made. ant-AcHs | i=. | IP] Anti-5-MetC _-— 
During initial preparation of the figure panels, the panels for the Anti-6-vieic a om Anti-VDR - 
negative controls (with no obvious signals), inputs and some data were Anti-IgG : Anti-HDAC2 = 
inappropriately duplicated and mixed up. The experiments were per- hut —— — — — Anti-DNMT1 _-— 
formed several times, so a set of data with adequate negative controls VD(h) 0 1 4 8 24 Anti-DNMT3B — = = 
and inputs from one experimental round could be found. We have AnIEIOG campers 
replaced the previous set of data in these panels with a correct set, and I tt | 
confirmed that these corrections do not affect the original claims in the ail : oe ee id 
published Wee aren rea data 2 irae cae 2f Syste eed 
cance was statistically assessed from several independently repeate 
experiments. We have also repeated the experiments and obtained the = a™"'M804 Li =| | eee le | | 
same results as those in the published figures. Input | sw |] me | ee | ee | ee 
In Fig. 1f, lane 5 of anti-AcH3, lane 1 of anti-5-MetC, and the anti- bi Ctrl VDIR DNMT1 —- DNMT3B MBD4 
IgG panel of a previous data set were left blank without placing of gel Sees 
images. In Fig. 2c, the panels of distal regions (—3,907/— 3,442; left 29 yess aaah 
panels) and the input panels (—230/+130) were duplicated. The pre- ieee y 
dicted data of anti-5MetC was inadvertently mixed up. In Figs 2f,2g |" = L™ —— = 
and 3h, the input panels were duplicated. Ant-5:MetC aa | = || 
Further errors in the Supplementary Figures of the original Letter input | | | ome ame ||eme ome || cue ame|(ame ame |[o on 
are described and corrected in the Supplementary Information of this siRNA Ctrl vDIR oNuT1  DNMT3B = MBD4 TDG 
Corrigendum, and the supporting raw data is also presented. PP Ne a == 
Supplementary Information is linked to the online version of this Corrigendum at 3h CYP27B1 (-230/+130) 
www.nature.com/nature. l MBD4 siRNA | 
MBD4 WT S165A T246A S262A S165A/S262A 
vol - + qb + ole + ra - + yl + a 
PTH - - + ns es 
IP: anti-5-MetC [== me = —| _—.-||-—- —_ =_ _— 
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Figure 1 | Corrected versions of Figs If, 2c, 2f, 2g and 3h. 
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